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SBCTIOH  1?  PURPOSE 

The  purpose  of  this  InrestlgatLon  is  to  derelop  a  IowhioIss,  broadband^ 
S-band  reactance  oaplifier*  Three  approaches  haTs  been  employed:  fUter- 
type  paranetric  upconrerters  using  a  single  diode}  filter-type  circulator- 
coupled  parametric  amplifiers'  using  a  single  diode}  and,  finally,  a 
circulator-coupled  paramp  using  two  diodes  in  a  balmced  structure*  The 
balanced  scheme  was  initially  described  and  deT^opad  by  Airborne  Instmmants 
Laboratory* 

This  program  is  an  extension  of  the  state  of  the  art  in  which  design 
goals  entail  13-db  lainimum  gain,  2  kmc  to  1;  kmc  minimum  bandwidth  and  an 
amplifier  noise  figure  less  than  2  db*  An  engineering  model  is  desired  har¬ 
ing  performance  substantially  in  accordance  with  these  design  goals* 
(Reference:  Signal  Corps  Specif loatlcm  SCL-75^6  dated  7  March  I960*) 
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SECTION  2t  iBSTRACT 

A  snbatantlal  anomit  of  anall  signal  and  large  signal  theoretical  work 
has  been  carried  out  for  the  broadbanding  of  microwave  parametric  amplifiers* 
Theoretical  results  have  yielded  single-diode  voltage-gain-bandwldth  products 
of  3^00  me  at  "S*  band*  It  is  concluded  that  the  siaralatlon  of  broadband 
paramps  bj  appropriate  iTimped-circult  e3.eBients  is  handicapped  at  microfwaTe 
frequencies  where  indnctances  and  capacitances  most  be  simulated  by  dis¬ 
tributed  elements*  Moreover^  the  sections  of  transmission  line  coupling  the 
individual  network  elements  to  the  varactor  diode  have  flrequeney  sensitivities 
of  their  oma  which  must  be  considered  in  transforming  a  lumpe(i>slaBent  design 
into  a  distributed  microwave  equivalent,  espedally  when  broad  (20  -  $0%) 
bandwldths  are  involved* 

Broadband  paramps  can  be  constructed,  however,  by  making  maximum  use  of 
the  varactor  parasitic  elements  in  a  filter  structure  at  the  plane  of  the 
diode*  (No  coupling  lengiiis  of  lipe  are  required.)  Techniques  have  been 
developed  which  allow  the  varactor  diode  to  exhibit  two  simultaneous  resonant 
frequencies  (at  signal  and  idler)  depending  upon  the  geometxy  of  the  holding 
structure*  Novel  experimental  techniques  were  conceived  on  the  subjeot  pro¬ 
gram  that  permit  rapid  determination  of  the  diode  resonaixses  and  matching 
conditions*  The  gain  bandwidth  product  of  a  given  diode  can  be  evaluated  by 
passive  measurements*  Preliminary  experimental  efforts  on  parametric  ampli¬ 
fiers  employing  the  above  principles  have  yielded  single-diode  voltag»-galn- 
bandwldth  products  of  3300  me  at  "S**  band* 
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3ECTI0K  3*  POBLIGATIOIB.  IECTBRBS«  REPORTS.  AND  OOHFERBICES 

A  fifth  quarterly  report  on  this  prograni  haa  already  been  iaaoed*  On 
2  Fehroazy  1962,  Mr*  B.  Boasard  dellrered  at  the  AIEE  Winter  Meeting,  an 
iuTlted  technical  paper  entitled  "Paraaetric  Anplifiera”,  iMch  waa  Jointly 
authored  with  Mr*  R*  Pettai*  A  ptqper  by  Meaara*  Boeaard  and  Pettai, 
entitled  ''Broadband  Parametric  Anplifiera  by  SiBq>la  Ssperinental  Technique  a", 
haa  been  publlahed  in  the  March  1962  Proceedinga  of  the  IRE*  A  paper  by 
Meaara*  Boaaard  and  Pettai,  entitled  "Broadband  Parametric  AapliCLera"  haa 
been  presented  at  the  1962  FCaiTT  Synposlun  at  Boulder,  Colorado*  A  paper 
by  Messrs*  Bossard  and  Perlman,  entitled  "Electronically  Tunable  Pazametrlc 
Aaqjllflers",  is  to  be  published  in  the  IRE  Proceedings*  All  of  these  papers 
are  based  tipon  significant  work  dons  on  this  program* 

On  19  December  1961,  Mr*  S*  J.  Mehlman,  Hr*  R*  M.  Kurzrok,  Mr*  B* 
Bossard  and  Mr.  R*  Pettai,  all  of  RCA,  rislted  Hr.  W*  Matthel  and  Mr*  F* 
Senko  of  USASRDL.  Technical  progress  on  the  program  was  briefly  discussed 
and  a  broadband,  circulator-coupled  parametric  amplifier  was  demonstrated* 
This  unit  displayed  performance  substantially  in  accord  with  the  results 
tabulated  in  this  report* 

On  12  Febnaary  1962,  Mr*  F.  Senko  of  USASRDL  and  Mr.  J.  KLiphuis  of 
Airborne  Instruments  Laboratory  visited  RCA*  In  an  Infonnal  conference 
attended  by  B*  Bossard  and  R*  Pettai  of  RCA,  Hr*  Kllphuis  discussed  certain 
characteristics  of  the  AIL  balanced  parametric  amplifier;  paramp  techniques 
developed  at  RCA  on  the  subject  program  were  also  discussed*  The  material 
exchange  of  technical  information  resulted  in  a  better  understanding  by  all 
concerned,  with  respect  to  the  subtleties  of  broadband  microwave  parametric 
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aqpUfisra* 

A  broadband  paraaatrlc  anpliflar  with  a  gain  of  10  db  thronghoot  a 
bandhfldth  of  850  me  mas  demonstrated  in  the  AN/TOR-I  Reeelrer  at  Sandjr  Ho<dc, 
New  Jersey  to  Signal  Corps  Personnel*  A  9**db  improveasnt  in  ninimmi 
detectable  signal  was  apparent  throughout  the  paranp  bandwLd-Ui.  The  ampll* 
fler  exhibited  excellent  stability  and  lineaxdLty  and  did  not  produce  any 
noticeable  cross  or  thirdoorder  intezmodnlation  characteristics  for  Jamming 
signals  as  large  as  l5  dha* 


5 


SBCTION  Ut  fACTDiAL  DATA 

During  this  project  a  nnaber  of  possllaLe  t^roaehea  were  Imrestigated 
in  order  to  find  the  type  of  structure  and  the  node  of  operation  which  would 
yield  the  widest  bandwidth  at  a  reasonabls  gain.  In  the  following  chapters 
all  the  approaches  studied  are  described  in  sone  detail,  with  most  of  the 
attention  dewoted  to  the  final  structure  and  its  thsozy. 
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CHAPTER  I.  GEMERAL  THEORY  AIID  IJETVJORK  SYNTHEl^IS  APPROACH  TO  BRCADBAND 
PARAMETRIC  AMPLIFICATION 

The  first  phase  of  the  program  was  devoted  to  the  theoretical  investi¬ 
gation  of  the  varactor  parameters  and  their  influence  on  broadband  parametric 
amplification.  The  following  varactor  equivalent  circuit  yielded  the  T 
matrix  as  shovm,  (See  Appendix  I  for  derivation.) 


Cc 


Figure  U-1.  Equivalent  Circuit  of  a  Varactor  Diode 
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The  on-resonance  transducer  gain  equation  (Y]^  .  Y22  =  0)  was  then 
derived  for  a  parametric  upconverter  (see  Appendix  II)  with  the  following 
result; 


ReM 

^  UJx 

D 
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Eq.  1-1 


Similarly,  the  on-resonance  gain  derivation  of  a  circulator-coupled, 
reflection-type  parametric  amplifier  yielded  (See  Appendix  III  for 
derivation) : 


-Go  +  n" 

G,  Y„ 

+  Go 

cu.ujj 

X  V 

(¥)1 

In  order  to  achieve  broad  bandwidths,  it  is  first  necessary  to  tune 
out  the  and  Y22  circuit  reactances.  This  is  accomplished  by  simply 
resonating  these  elements  at  the  desired  frequency.  However,  the  parametric 
amplifier's  frequency  sensitivity  is  primarily  dependent  upon  the  series 
resonance  within  the  diode  caused  by  the  lead  inductance  and  the  junction 
capacitance,  Cq.  It  is  responsible  for  the  appearance  of  the  tern  D#  Thus, 
in  spite  of  all  reactances  (excluding  COq)  having  been  eliminated,  gain  over 
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broad  bandwidths  is  still  not  constant,  but  slopes  steeply  from  one  edge  of 
the  band  to  the  other* 

A  study  of  the  gain  equation  indicated  that  the  effect  of  D  coiild  be 
counteracted  by  using  not  the  constant  values  of  Gg  and  Gj^,  but  rather 
appropriately  sloped  ones.  More  specifically,  networks  were  designed  for 
both  the  input  and  the  output  circuits  so  that 


These  networks  were  to  perforin  essentially  as  equalizers  whose  driving- 
point  admittances,  as  seen  by  the  varactor  diode,  have  the  prescribed 
slopes.  The  equivalent  circuit  of  the  paramp,  including  the  synthesized 
idle  network,  is  shown  in  Figure  U-2. 


Figure  li-2.  Parametric  Amplifier  Network 


Tha  theorstlcal  gain  varlatloa  with  this  network  is  similar  to  a  single- 
toned  recfponae  with  a  peak  gain  of  11«2  db^  and  a  3-db  bandwidth  of  U95  me* 
Similar  netwozks  for  the  parametric  upeonverter  haTe  yielded  a  gain  of  9*0  db 
and  a  3-db  single-tuned  bandwidth  of  560  me.  Heasuroients  were  made  on  the 
Tarlous  RCA  and  HicrowaTe  Associates  Diodes  in  order  to  obtain  accurate  diode 
characteristics  for  incorporation  into  the  signal  and  idle  networks*  These 
measurements  yielded  fair  correlation  with  the  manufacturer*  s  data,  with  the 
diode  lead  inductance  always  being  somewhat  larger*  The  network  synthesis 
approach  was  eventually  abandoned  in  view  of  the  extreme  difficulties  of 
simulating  lumped  element  networks  by  means  of  distributed  elements,  partic¬ 
ularly  over  broad  frequency  bands*  In  addition,  the  theory  required  a  high- 
impedance  line  in  the  vicinity  of  the  diode  (for  shunt  loading),  which  could 
not  be  accomplished  without  adding  a  diods-bolder,  hence  additional  parasitic 
elements* 

A  parallel  effort  was  Investigated  during  the  initial  phases  of  the 
contract  which  was  an  extension  of  the  earlier  (19^9)  work  at  RCA,  and  which 
culminated  in  a  13$-bandwidth,  **L’'-band  paramp  with  13  db  of  gain*  Two 
structures  were  built  to  evaluate  this  mode  of  operation.  The  first  unit 
was  an  all-^rave guide  structure,  with  a  waveguide  low-pass  filter  forming  the 
diode  mount*  The  basic  drawback  here  was  the  ability  of  the  signal  waveguide 
to  propagate  the  pump  and  idler  frequency  as  a  hi^er  order  mode*  Attempts 
to  eliminate  the  TE^^^  modes  were  not  too  successful,  and  the  leakage  through 
the  low-pass  filter  was  excessive*  A  possible  solution  might  have  been  a 
doubly-corrugated,  waveguide  low-pass  filter*  The  design  of  such  filters  i^ 
not  always  a  straightforward  matter*  In  view  of  this ,  and  because  of  the 
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bnlktmss  of  the  all*eniTeguide  etnetare,  attention  was  tamed  to  o^er  types 
of  stroetures. 

The  second  design  used  a  coaxial  Input  11ns  with  a  pill  Taraotor  diode 
In  the  reduced^helght  (Ra-^2/1j)  waTeguide  diode  mount.  The  anpllfled  output 
appeared  at  the  Idler  frequency*  Experiments  shotred,  howsTer,  that  the 
interaction  between  the  pump  and  the  signal  was  weak,  and  little  gain  was 
obsexrred*  This  type  of  diode  mount  also  had  the  disadvantage  of  requiring 
impedance  transformers  because  of  the  reduced  height*  The  latter  units, 
with  their  fixed  design  frequencies  and  limited  bandwidths,  made  this  struc¬ 
ture  quite  inflexible*  As  a  result,  efforts  were  subsequently  discontinued 
(m  the  reduced-height  diode  mounts. 

This  minor  parallel  effort  led  to  a  theoretical  and  exqxerimental  eralu- 
atlon  of  existing  RCA  *'L''-band  paramps  which  enabled  the  engineer  to  fonau- 
late  basic  rules  and  concepts  for  the  dsTslopment  of  extremely  broadband 
paramps*  The  results  of  this  effort  are  given  in  Chapters  III  and  IV* 


CHAPIER  II,  BALANCED  COAIIAL  STMTCTDRE 


Th«  balanoad  coaxial  struotura,  oriclnallj  daralopad  l/y  the  Alrbame 
Instruaants  Laboratory,  has  the  outstanding  advantage  of  being  simple 
mechanically  and  electrically  (Figure  U~3)*  ^  balanced  pair  of  pill  diodes 
must  be  used,  but  because  of  the  reLatlTe  directions  of  the  Idler  voltages 
developed  in  the  diodes,  there  Is,  ideally,  no  Idler  leakage  into  the  signal 
line.  This  eliminates  the  need  for  blocking  filters. 

Considerable  effort  was  spent  in  expei^enting  with  this  approach.  It 
was  felt  that  the  structural  simplicity  of  the  mount  held  good  promise  for 
broadband  operation.  Two  mounts  of  slightly  different  dimensions  were  built 
and  ewaluated.  In  the  first  stmetiu'e  the  pump  waveguide  was  BG^$2/U,  which 
has  a  cutoff  frequency  of  6.36  kmc.  This  sise  was  selected  because  initial 
calculations  placed  the  diode  self  •resonance,  f^,  at  3  kmc,  in  which  case 
the  entire  idler  band  would  hare  been  below  cutoff.  It  should  be  noted  that 
in  'Uiis  approach  the  idler  frequency  is  placed  at  the  self -resonance  of  the 
diode  in  order  to  achieve  a  minimum  loading  (Rg  only)  in  the  idler  circuit. 
Since  subsequent  diode  measurements  cast  some  doubt  on  the  above  value  of 
^Of  another  mount  having  a  pump  line  in  BD-91/U  was  fabricated  in  order  to 
be  absolutely  certain  that  no  idler  wotild  leak  out  into  the  pump  circuit 
(and  contribute  to  the  idler  loading).* 

With  the  idler  adjustments  largely  restricted  to  vaj.ying  the  idler  fre¬ 
quency  and  selecting  the  diodes,  some  adjustaunt  must  be  provided  in  the 


*  It  was  eventually  found  that  the  self-resonance  of  the  diodes  used  did, 
indeed,  fall  close  to  3000  me. 


1000  MMF 
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signal  circuit.  Hots  a  nunber  of  coaxial  step  transfoimrs,  intended  to 
counteract  the  conbined  static  capacitance  of  the  two  diodes,  were  built  and 
eraluated,  sone  of  them  featuring  a  series  inductance.  The  Impedance  letel 
required  in  the  input  circuit  was  calculated  to  be  1$  ohms;  but,  as  mentioned, 
transformers  of  other  impedance  ralues  ohms)  were  tried  also.  In  addltlea, 
a  straight  50-ohm  center  conductor  was  fabricated  to  make  measurements  of 
the  diode  impedance  while  the  latter  was  in  the  mount.  An  external  d^  bias 
was  applied  independently  to  both  diodes. 

The  diodes  used  in  these  experiments  inrolred  three  matched  pairs  of 
Microwave  Associates  pill  varactors,  HAli.253  and  HAj|.2^6  t^pe,  with  ranging 
froa  0.5/^f  (fc  “  130  kmc)  to  2»l^f  (f^  “  6h  kmc). 

The  resTilts  obtained  with  the  balanced  coaxial  diode  mount  did  dmami- 


strate  the  broadband  capability  of  the  device.  Thus  a  low  gain  of  less  than 
6  db  throughout  a  bandwidth  of  2000  me  was  observed  at  one  tine  (Figure  U'^)* 
but  this  result  was  difficult  to  repeat.  Furtheinore,  one  half  of  the  above 
gain-bandwidth  occurred  outside  the  range  of  the  circulator  (3OOO-UOOO  me) 
\ised  in  the  test.  It  represents,  therefore,  a  somewhat  anomalous  result. 


Gains  as  high  as  23  db  were  also  observed,  but  at  a  greatly  reduced  baadwidthi 


(  10  me).  The  main  difficulty  e^erienced  with  the  balaneed  appromeb  una 

twofold.  In  the  first  place  the  device  tended  to  be  quite  wuMAmp  ea«il^ 
lating  even  at  low  pump-power  levels,  long  before  any  stabln  gain  waa  aflMi 
Secondly,  the  results  stated  above  were  very  critical  funetlena  af  biaa 
voltage  and  pump  tuning.  The  latter  fact  waa  probaULy  daa  ta  the 
narrow  bandwidth  of  the  pump  circuit. 


Two  probable  reasons  for  the  inadaqaato  parTampaa 


GAIN  (DB) 
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OF  BALANCED  COAXIAL  PARAMETRIC 
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the  shap*  of  the  coupling  apertor*  feeding  the  pnq>  power  to  the  diodes^  and 
the  effects  of  the  upper  sidehaad  (fg  fp)  energy  propagating  in  the  strue- 
tore*  Attanpts  were  nade  to  adjust  the  coupling  of  the  punp  hgr  naans  of 
additional  ttming  screws,  but  with  limited  success*  Similarly,  an  upper- 
sideband  filter  was  placed  in  the  punp  line,  adjacent  to  the  diode  mount* 
Again,  the  change  had  little  effect  on  the  oreivall  performance,  although  it 
shoTild  be  noted  that  the  position  of  this  filter  is  important,  and  that  in 
our  case  this  condition  (an  qpan  circuit  at  the  diode  as  seen  by  the  sum 
frequency)  most  likely  was  not  fulfilled* 

Finally,  there  remains  the  possibility  that,  in  spite  of  precautions 
taken,  the  losses  in  the  stioieture,  especially  in  the  feed-thru  capacitors 
for  the  external  d-c  bias,  nay  hare  been  excessive* 

In  eplte  of  the.)e  unfavorable  results,  work  on  the  balanced  diode  no\mt 
was  continued  until  a  parallel  development  produced  a  sin|p.e  diode  stxeetuze 
promising  a  much  better  perfoimance* 

Before  proceeding  to  the  detailed  description  of  this  technique,  it  is 
worthwhile  to  describe  some  measurements  nade  on  the  MA  pill  Taractors*  These 
measurements  were  undertaken  using  the  balanced  coaxial  structure  with  the 
input  step  transfonner  replaced  by  a  straight  50-ohm  center  conductor*  The 
object  of  the  study  was  to  find  out  how  closely  the  assumed  equivalent  cir¬ 
cuit  of  the  pill  diode  (Figure  U-5)  corresponded  to  the  actual  physical  unit* 
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Figure  Equivalent  Circuit  of  Pill  Varactor  Diode 

For  this  purpose  the  for  a  pair  of  two  MAli253  diodes  was  conqouted,  using 
element  values  supplied  by  the  manxifacturer; 

Cq  -  0.2^^, 

L  •=  0.8  n^h, 

0„  -  1.30^f, 

Rg  ■  1.86  ohms 

,  The  input  admittance,  of  the  two  diodes  in  parallel  at  the  end  of 

the  input  line  was  then  meastu-ed.  Figure  U-6  illustrates  the  reasonably 
good  correlation  obtained.  The  observed  difference  in  the  values  of  b/T^  is 
not  too  surprising  when  one  considers  the  sensitivity  of  Yjj^  to  small  changes 
in  the  parameters  (L,  Rg,  C^,  and  C^),  and  the  relative  uncertainty  of  some 
of  the  element  values  given.  It  is  interesting  to  note  that  the  self¬ 
resonance  of  the  diode  does,  indeed,  fall  near  ?000  me  as  initially  computed. 

In  general,  then,  the  balanced  paramp  has  a  signal  circuit  which  is 
adjusted  to  resonate  at  the  signal  frequency.  That  is,  the  inductance  of  the 
input  line  and  the  intrinsic  series  resonance  of  the  two  varactor  diodes 
forms  a  net  series  resonance  tank  at  the  signal  frequency.  The  input  coax¬ 
ial  signal  circuit  employs  a  50-ohm-to-l5-ohm  transforaer  to  match  the  50-ohm 


.  IB  . 


coaxial  circulator  to  an  inpedanee  lafrel  of  1$  ohns,  calculated  on  the  baals 
of  an  aaauaed  equlTslent  circuit  of  the  aaplifier  and  giren  diode  paraaetera 
(Ifili253  diodes  haring  Cq  «  1*3  pf  and  a  cutoff  AreqxianeT’  of  f^  *  130  kue)* 
For  high  gains  and  narrcwred  banduidths,  an  input  inpedanee  line  of  7  ofaus  was 

used* 


The  Idling  circuit  is  mads  to  be  resonant  at  the  natural  resonance  of 
the  raractor  diodes  connected  in  series^  which  is  equal  to  the  resonance  of 


.  pT 

Nj  Ko 


IdLe-oircuit 


a  single  diode  for  a  matched  pair,  i«e«  *  Wg 

loading  is  prorided  by  the  losses  inherent  in  the  raractor  diodes,  and  is 
topically  equal  to  2  Rg  for  a  matched  pair  of  raractors*  It  is  iaqxnrtant  to 
note  that  the  Idling  circuit  cannot  propagate  in  the  punq>  circuit,  since 
puaq>  energy  is  coupled  to  the  diodes  through  a  wareguide  which  is  bqyond  cut¬ 
off  at  the  Idling  frequency.  Also,  idling  currents  cannot  flow  in  the  input 
coaxial  line,  since  the  idling  roltages  are  in  phase  and  add  at  the  T  junc¬ 
tion  of  the  coaxial  liiw  and  diode  mount  (hence  balance). 

Unfortunately  the  HCA  balance-type  paramp  was  rery  sensitlre  to  raria- 


tlons  in  the  VSWR  of  the  input  circuit  as  setft  by  the  diodes.  Therefore  work 
was  concentrated  on  the  single  diode  approach. 
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CHAPTER  in.  SINQLE-DIODE  CIRCUUTOlMiOTlPLED  STHPCTDRE 

It  has  been  pointed  out  in  a  preceding  section  that^  theoreticaUy  at 
least,  it  is  possible  to  design  networks  for  the  input-output  circuits  of  a 
parametric  derice  which  woTild  tune  out  the  spurious  reactances  present  and 
also  transform  the  impedances  to  the  ralues  required  to  yield  the  desired 
gain  orer  broad  bandwidths* 

Although  these  networks  have  yielded  excelleat  theoretical  gain«4)and> 
width  products,  they  are  often  difficult  to  realise  at  high  ndcrowaTe  fre¬ 
quencies  where  indue tance?  and  capacitances  must  be  simulated  by  distributed 
elements*  Noreover,  the  sections  of  transmission  line  coupling  the  individu¬ 
al  network  elements  to  the  varactor  diode  are  highly  frequency  sensitive, 
which  renders  the  exact  realization  of  lumped  element  networks  at  microwave 
frequencies  a  difficult  task,  especially  over  broad  (20  -  5QS6)  bandwidths. 

The  first  step  in  realizing  broadband  parametric  amplifiers  is  to  tune 
out  the  circuit  and  diode  reactances  at  both  the  signal  and  idle  frequencies. 
The  signal  circuit  can  be  made  to  resonate  at  the  natural  frequency  of  the 
varactor,  the  bandwidth  of  this  circuit  being  detemined  by  the  transfoirmed 
generator  conductance  and  case  ctpacltance.  The  case  capacitance  must  always 
be  less  than  b7  At  least  a  factor  of  two.  The  natural  resonance  of  the 
input  circuit  is  determined  by  noting  the  rectified  voltage  level  caused  by 
the  diode  barrier  resistance  as  a  function  of  input  frequency.  Elanmitary 
circuit  theory  shows  that  the  voltage  across  the  capacitance  is  a  maximum  at 
series  resonance  for  an  RLG  circuit.  (It  is  not  true  for  inductance.)  Since 
the  self-resonant  frequency  of  the  diode  is  placed  at  the  input  signal  fre¬ 
quency,  the  diode  at  the  Idling  frequaney  appears  inductive.  The  addition 
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of  a  waragulde  external  capacitance,  (net  seen  by  the  coaxial  signal 
circuit)  resonates  the  idling  frequency  at  the  desired  frequency* 

These  obserrations  have  led  to  a  criterion  which  has  great  applicability 
in  the  design  of  broadband  parametrie-nnplifiers* 

The  aethod  depends  on  the  naxinm  utilisation  of  the  parasitic  eleaents 
(Rg,  Lf  Gq,  Gq)  of  the  raractor  diode,  plus  certain  sinple  experinental 
techniques  which  are  easily  applied*  As  an  illustration  of  the  jxnrer  of 
this  method,  some  results  obtained  with  the  S>4>and  derice  Tising  both  modes 
of  operation,  circulator-coupled  and  upconrerter,  are  shown  in  Figure  li-7* 

A  complete  gain  characteristic  for  the  830-mc  bandwidth  case  is  shown  in 
Figures  and  U‘-9*  A  -typical  gain  characteristic  for  the  «pllfier,  im 
which  high  gain  orer  a  narrower  bandwidth  is  shown,  is  Illustrated  in  Figure 
U-10. 

The  technique  is  best  explained  by  noting  that  it  is  possible  -to  define 
a  -trananlsslon  characteristic  for  a  -raractor  diode  which  is  a  function  of  -the 
elements  L,  Rg,  G^,  Cq  of  -the  diode,  and  whose  precise  definl-tlon  and 
functional  rela-bicnshlp  dqpend  on  the  wanner  im  which  -the  diode  is  used  in 
the  circuit. 

Let  us  consider  a  -typical  input  circuit  of  a  parame-trlc  amplifier*  In 
its  basic  fom,  it  is  a  transmission  line,  teiminated  by  the  -rarao-tor  dLods 
(Figure  U-U)*  A  transformer  is  added  which  permits  the  adjus-tamit  of  the 
genera-tor  impedance  as  seen  by  the  diode*  The  other  parameters  shown  are  as 
follows t 

L  ■  diode  lead  inductance, 

Cg  ■  case  capacitance. 
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Cq  ■■  Jnnetlen  eapaeitane*  at  bias  pointy 
C(t)  «  eapaeltanee  TarLatian  eaasad  by  th»  pmp, 

Rg  <■  apreadljig  rasistanee  of  tho  dloda^ 

■■  Bon-linaar  barriar  raslstanoa  (‘vaiy  high  la 
tha  baelorard  diroetloa), 

Rg  ■  tnpat  raslstanoe  of  the  signal  source* 

The  quantitj  of  interest  is  now  the  ratio  VcAg  a  fhnetlon  of  fre- 
quenoj  asad  of  the  diode  paraaetera*  This  ean  be  looked  upon  as  a  ratle  of 
the  measure  of  transalssloa  of  Ihe  input  voltage  to  the  variable  capacitance* 
It  ean  be  e3q>ressed  bj  the  equation  shoim  in  Figure  U*>11»  where  the  parameters 
of  special  interest  are  the  transfomer  ratio  *.2/n2.t  self -resonant 

Arequoicx  of  the  diode,  fo*  Figure  1|.'>12  shows  some  results  of  calculations 
based  em  ths  above  equation,  using  tgrpioal  values  Jhr  the  diode  paramaterst 

Rg  «  ^0  ohms, 

Rs  »  2*0  obau, 

Co  “  1*0, 

Cq  ■  0*lt.f 

li  *  2*0  mh, 

fo  “  3560  me* 

As  eaq>ected,  the  dependence  of  on  frequency  and  loading  (l*e*,  on 

R'g)  is  that  of  a  tuned  RLC  circuit* 

The  significance  of  Figure  14-12  Is  'Uiat  by  choosing  the  self -resonant 
frequency,  and  the  transfomer  ratio,  able  to  control  the 

transmission  of  ths  iiqrat  voltage  te  the  variable  capacitance  C(v}*  Given  a 
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certain  band  ef  signal  frequencies^  it  is  tbns  possible  t)  obtain  the  meet 
efficient  transnission  over  the  giren  band  to  ensoxe  a  auGdjnin  interaction 
between  the  signal  and  the  pump  at  frequencies  ef  interest.  It  should  bo 
noted  at  this  point  that  the  abore  technique  requires  placing  the  self- 
resonance  of  the  diode  at  the  given  signal  frequency  of  the  device* 

Further  adjxistaents  can  then  be  made  hy  altering  the  transfonesr  ratio,  and 
to  a  lesser  extent  by  adjusting  the  bias  voltage* 

In  an  aettial  development,  one  need  not  depend  on  theoretical  calcu¬ 
lations  alone*  The  voltage,  V^,  can  be  determined  ‘experimentally  by  observ¬ 
ing  the  rectified  output  ef  the  diode  while  sweeping  the  input  signal  over  a 
band  of  frequencies  (Figure  U-13)«  Since  rectification  is  caused  by  the  non¬ 
linear  barrier  resistance,  B^,  maxLwum  rectification  iaq>lles  a  maximum 
voltage  across  the  variable  capacitance  (Figure  U-U)*  More  accurate  resTilts 
are  obtained  by  measuring  the  d-c  output  with  a  sensitive  voltamter,  while 
keeping  the  input  power  constant  at  all  frequencies*  The  resultant  data 
then  represents  the  quantity  k  where  k  is  a  constant*  In  Table  I, 

below,  these  data  are  shown  fer  several  diedes,  illustrating  the  differences 


from  unit  to  unit* 
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FIGURE  U-13.  EXPERIMENTAL  CIRCUIT  FOR  MEASURING 
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USIE  I 

-  3AIIFUS  DATA  OH  k  T^Ag 

OBXAIHBD  VITH  TABIOOB  DIODB 

Freq* 

#1 

#2 

#3 

(me) 

IIAlt6GB 

iuii5aBB 

SI106P 

2000 

0*585 

0*235 

o*Uoo 

2200 

0Ji92 

0*167 

0*700 

2U00 

0*590 

o.oli5 

0*560 

2600 

0*235 

0*019 

0*900  All  data  Im 
waits 

2800 

0*252 

0*036 

1*280 

3000 

0*226 

0*026 

1*290 

3200 

0*091 

0*009 

1*390 

3Uoo 

0*079 

0*006 

0*580 

3600 

o*o58 

o*ooU 

0*U20 

3800 

0*060 

o*ooU 

0*300 

Uooo 

0*022 

0*002 

0*l60 

AppcKdiz  IT  eantaijis  all  the  data  fer  those  diodes  tested  during  this  program* 
Figure  U-lU  shows  some  eoqperlmeatal  results  obtained  by  the  abore  tech¬ 
nique*  The  input  was  kept  constant  at  1  nw  at  all  frequencies*  As  seen  from 
the  plot,  the  measured  curres  resemble  'Uiose  calculated  from  the  equation  in 
Figure  U**!!*  Two  transformers  were  used,  with  R'g^  ■  20  ohms,  and  7 

ehms*  As  expected,  the  7**obm  transformer  yields  a  sharper  response* 

A  noticeable  discrepancy  between  liie  calculated  and  the  measured  results 
should  be  pointed  out  at  this  time*  If  one  calciilates  the  self -resonant 
freqaenc7,  ^09  using  the  known  Talues  of  L  and  Co#  the  result  (and  hence  the 
location  of  the  oalcnlated  peak  of  T^/Tg)  may  be  significantly'  higher  than 
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the  freqaeney  at  which  the  measured  peak  occurs*  One  posslUe  reason  Is  ihat 
the  input  pewer  lerel  es9l<^d  to  ebserre  rectiflcatlenf  l«e.,  the  input 
Toltage  swing,  nay  cause  a  sufficient  capacitance  Tvlation  to  change  'Uie 
effectlre  C^.  This  is  so  because  the  currature  of  the  C  ts.  7  character¬ 
istic  causes  the  capacitance  Tarlatlon  to  be  distorted  eren  while  the  punp¬ 
ing  Toltage  is  sinusoidal*  Another  reason  could  be  the  fact  that  the  results 
calculated  in  Figure  U-12  lOre  based  on  the  equiTalent  circuit  shown  in  Figure 
U-U,  where  the  barrier  resistance,  R^,  was  assumed  te  be  very  hl^  (the 
diode  in  its  backward  region)*  During  the  flow  of  forward  current,  R|j  is 
quite  lew,  eTentnally  decreasing  te  near  sere  tme  large  forward  Toltages* 

This  change  in  the  network  parameters  may  cause  a  redistribution  of  voltage 
drops  across  the  IndiTidual  elements* 

Although  the  exact  cause  far  the  discrepancy  has  not  been  fully 
plained,  the  basic  argunorit  regarding  the  desirability  of  a  iMudmum  voltage 
transmission  at  the  frequencies  of  Interest  still  holds*  In  all  cases  tried, 
a  good  transmission  of  the  input  roltage  was  the  key  te  satisfactory  per¬ 
formance  of  t^e  device*  The  technique  can,  therefore,  be  used  to  rapidly 
check  the  diodes  at  hand,  and  to  find  the  unit  best  suited  for  the  intended 
application* 

The  situation  in  a  typical  idler  circuit  of  a  parametric  amplifier  is 
somewhat  different*  With  the  idler  fJrequwicy  oenmonly  placed  at  high  micre- 
ware  frecyiencles  (X-Band,  for  example),  the  structure  consists  of  a  varactor 
diode  usually  shunt  mounted  across  the  waveguide  (Figure  U-l5)«  A  trans¬ 
mission  characteristic  for  this  structure  is  now  defined  in  the  conventional 
twe-pert  senie  (l*e*,  one  can  measure  either  the  7SWR  or  the  insertion  less 
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FIGURE  U-15,  METHOD  FOR  DETERMINING  PASSBANDS 

IN  THE  IDLER  CIRCUIT, 
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of  the  dlodeHnoimt  combination).  It  has  been  found  that  this  c(»d>lnation 
does  exhibit  a  characteristic  which  is  generally  of  ifae  banii^ss  type*  The 
most  significant  fact  is  that  the  extent  and  the  location  of  the  passband 
can  be  controlled  by  varying  the  following: 

(a)  the  type  of  diode,  l.e.,  essentially  the  elements  of  the  dlode| 

(b)  the  type  and  the  size  of  the  stmcture  holding  the  diode} 

(c)  the  bias  voltage  applied  externally* 

Figure  U-l6  illustrates  this  dependency  on  the  type  of  obstacle  used 
(i*ea,  basically  the  geometry  of  the  mount),  while  Figure  U-17  does  the  sane 
for  varying  bias  voltage*  It  should  be  mentioned  that  a  similar  phenomenon 
has  been  described  by  Deloach,  who  showed  that  a  Bell  Laboratories'  Sharpless 
tyi>s  diode,  mounted  in  a  capacitive  transverse  ridge,  has  a  bandpass  charac¬ 
teristic. 

This  characteristic  is  easily  measured  by  plotting  the  VSVR  and/er  the 
insertion  loss  of  the  diode-moimt  combination.  An  input  swept  over  the  idler 
frequency  band  can  be  utilized  to  expedite  the  work*  It  has  thus  been 
possible  to  find  diode-obstacle  combinations  which  exhibit  sKtremely  broad 
(over  1000  me  at  X-Band)  bandpass  type  resjxmses* 

The  exact  equivalent  circuit  of  such  a  diode-obstacle  ooiid>tnatlon  in 
waveguide  is  difficult  to  derive*  A  reasonably  accurate  representation  of 
a  diode  mounted  in  a  pairtial  height  post  is  shown  in  Figure  U-l8,  where  Lp 
and  Cp  denote  the  inductance  and  tiie  capacitance  of  the  post,  respectively* 
Since  at  frequencies  higher  than  f^  -Uie  diode  is  Inductive,  the  observed 
batc^ss  characteristic  appears  to  be  doe  to  a  broad  resonance  between  CSp  and 
the  inductance  formed  by  the  diode* 
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EFFECT  OF  OBSTACLE  ON  DIODE  PASSBANC 


FIGURE;  li^7.  EFFECT  OF  BIAS  VOLTAGE  ON  DIODE  PASSBAND 
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Figure  It-18, 

EQUIVALENT  CIRCUIT  OF  VARACTOR  DIODE 
MOUNTED  IN  AN  ASYMMETRICAL  POST 


Th«  significance  of  the  transmission  characteristics  and  passbands  just 
described  lies  in  the  fact  Ihat  by  operating  the  parametric  amplifier  within 
the  bands  of  mazintDn  transmission,  large  galn-bandwldth  products  cam  be 
achleyed*  It  has  been  possible  to  darvelop  single-channel  (non-degenerate) 
gain-bandwidth  products  approaching  3300  me  (Figure  U-7)«  SeTeral  reflsctioa- 
type  parametric  amplifiers  have  yielded  2-5  db  of  gain  over  the  full  oetaTs 
bandwldths  l«e*,  fr«n  2000  me  to  UOOO  me. 

It  should  also  be  noted  that  by  placing  the  pump  frequenpy  outside  the 
obserred  idler  passband.  Utile  leaKage  of  pump  into  the  idler  circuit  occurs, 
and  there  is  no  need  for  a  filter  to  block  the  pump*  This  results  in  a 
simpler  structure  and  eliminates  the  extra  length  of  line  that  the  filter 
introduces* 

A  bread  signal-circuit  passband  was  achieved  by  series  resonating  the 
varactor  diode*  A  broad  idle-circuit  passband  was  achieved  by  resonating  the 
diode  susceptance,  which  was  primarily  Inductive,  with  the  capacitance  of  a 
partial  bright  post  built  into  the  waveguide  mount*  This  capacitive  post 
does  not  aptpreciably  affect  the  signal  circuit,  since  the  diode  mount  will 
not  permit  waveguide  propagation  at  the  signal  frequencies* 

In  conclusion,  it  is  felt  that  the  above  technique,  utilizing  the  in¬ 
herent  transmission  bands  of  the  diode  and  the  moxmt,  represents  a  usefbl 
criterion  which  allows  the  designer  of  a  parametric  aiiq)llfier  to  make  a  better 
evaluation  of  the  various  structures  and  diodes  at  hand*  Since  the  gain  of 
a  parametric  device  is  a  function  of  many  variables,  such  as  C,  line  im¬ 
pedances  (i*e*,  the  loading),  losses  in  the  circuit,  etc*,  the  existence  of 
passbands  at  the  operating  frequencies  is  not  a  sufficient  condition  for 
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•ptixDMi  perf*zauee«  Their  existence  does^  heweTor,  appear  aa  a  naeeseaxT' 
oendltien^  espeoiallj  in  breadband  qiplloatleiis* 


CH/IPTER  17,  OTHER  EXFERIMEHTAL  RESULTS 
'  '  . . . . — - - 1'-~* 

The  breadbead  input  circuit  ef  the  paraap  has  been  used  in  cenJuaotlMH 
with  a  narretr«baad-ldliag,  resenant-bex  circuit  in  erder  to  aohieTe  rapid 
elsctronlo  tunabllitT-  b7  siaply  Taryiag  the  puap  freqaeaej.  Ho  ether  adjust¬ 
ments  are  necessaij,  ^rplcal  results  are  as  fellewst 


Signal  Freqaene7 

Pump  Frequenej 

Idle  FreqaeBe7 

G 

BH 

3.1  GO 

12.U  GO 

9.3  GO 

16  db 

60  mes 

2.96 

12.3 

9.3I4 

16 

65 

2.91 

12.2U 

9.33 

16 

60 

2.78 

12.114 

9.36 

17 

70 

2.70 

12.07 

9.37 

16 

60 

2.65 

11.89 

9.2I4 

16 

60 

2.60 

II.8I4 

9.21; 

17 

70 

2.55 

11.78 

9.23 

16 

60 

2.50 

11.70 

9.26 

16 

60 

2.U5 

11.58 

9.13 

16 

60 

2.U0 

11.55 

9.15 

16 

80 

2.30 

IIJ475 

9.175 

16 

60 

2.25 

11.38 

9.13 

16 

60 

Other  tunable  results  hare  been  obtained  with  a  gain  ef  30  db  aad 
instanteeus  bandwidth  cf  5  to  10  me*  It  aust  be  pointed  out  that  this  exper¬ 
iment  is  tj  no  means  optimum,  since  the  puqp  Ik'equency  could  not  be  raised 
abere  12,14.  Gc,  and  the  puap  high-pass  filter  cut  off  at  11,30  Gc,  Mate  recent 
e3q)eriaents  hsTe  shewn  that  tunable  paraaps  can  be  built  te  coTsr  a  2000-«e 
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bandwidth  at  S-band. 

Mechanically  Tuned  Paramp 

The  idling  circuit  of  the  paramp  can  be  represented  as  shown  below. 


R 


Figure  U-19  Paramp  Idler 

where  is  a  variable-capacitance  ridge  whose  variation  is  determined  by 
a  screw  position.  The  capacitive  reactance  of  the  ridge  is  plotted  in 
Figure  h-20.  The  ridge  capacitance  determines  the  shunt  idle  resonancej 
thus,  broad  tuning  ranges  are  possible  without  altering  the  pump  frequency. 
The  paramps  could  be  tuned  over  a  900  me  range,  with  the  instantaneous  gain- 
bandwidth  product  varying  from  1U5  me  to  378  me  throughout  the  desired 
range. 


A  simple  experimental  technique  has  been  developed  which  permits  the 
construction  of  single-diode  parametric  amplifiers  and  upconverters  capable 
of  high  gain-bandwidth  performance.  The  technique  is  based  on  the  fact 
that  a  very-broadband  over-all  circuit  is  possible  if  "the  self -resonance  of 
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the  diode  Is  placed  at  the  input  frequenejy  while  a  coritination  of  the  diode 
and  a  suitable  waveguide  obstacle  is  resonated  at  the  idler  frequencj*  Thd 
easily-applied  experiaental  tests  are  described  for  eraluating  and  optiwlatng 
the  signal  and  the  idler  circuits*  In  the  first  test  the  rectification  of 
the  diode  in  its  mount  is  measured  at  Ihe  specified  input  frequency  and  the 
circuit  is  adjusted  for  maxLnum  rectified  output*  This  ensures  a  maximm 
input-signal  voltage  across  the  variable  capacitance,  C(v),  of  the  diode 
under  actual  operating  conditions*  In  the  idler  circuit  the  test  consists 
of  measuring  the  VSNR  of  the  diode-obstacle  combination*  The  latter  is  than 
adjusted  \mtll  a  broad  passband  is  obtained  at  the  idler  frequency* 

It  has  been  found  that  the  above  two  tests  lead  to  a  necessaxy  condition 
for  broadband  operation*  Several  non-degenerate  parametric  amplifiers  have 
been  buUt  using  this  principle*  Voltage  gain-bandirldth  products  of  3300  me 
have  been  achieved  at  S-band* 

The  stability  of  the  paramp  is  excellent*  For  example,  pump  power 
variations  of  2  db  will  alter  the  gain  response  by  less  than  1  db*  Pu^> 
frequency  variations  of  30  me  will  affect  the  gain  response  by  1  db*  An 
ambient  temperature  rise  of  2^^C  will  not  affect  ikm  paramp  bandwilth  but 
will  decrease  tba  gain  by  0*7  db* 

The  extremely  broadband  paranps  (30  to  UO^  bandwidths)  require  hand- 
I>lcked  diodes  at  this  time*  For  example,  19  Microwave  Associates  varactors 
were  tested  with  capacitance  tolerances  of  U03(*  Two  diodes  were  capable  of 
30  to  UO%  instantaneous  bandwidths  ( '>  10  db  gain)  *  All  19  diodes  ylaldad 
a  minianm  of  l5^  bandwidth  (>10  db  gain)* 
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CHAPTER  Y.  ALTERNATE  COUPLIIC  METHODS 

Although  circulators  are  arailable  to  cover  the  frequency  bands  2-3  loac 
and  3-U  kmc.  It  Is  advantageous  to  consider  other  possible  coupling  schemes 
in  this  program.  This  section  describes  several  techniques  for  coupling  the 
signal  into  the  broadband  filter^parametric  diode  configuration  and  extract¬ 
ing  the  amplified  outijut.  These  techniques  Include  direct,  hybrid,  up converter 
and  circulator  coupling  schemes,  and  are  applicable  to  either  the  degenerate 
or  non-degenerate  modes  of  operation.  Although  the  degenerate  mode  of  opera¬ 
tion  was  not  considered  on  this  program,  it  is  mentioned  here  as  a  means  of 
comparing  potential  operation  of  the  device  in  either  sin^e  or  double-side¬ 
band  receivers. 

In  the  degenerate  mode  of  operation,  the  signal  and  idle  bands  coincide, 
whereas  in  the  non-degenerate  mode  they  occupy  separate  regions  of  the  fre¬ 
quency  spectrum.  An  input  spectrum,  /^f,  produces  an  inverted  idle  spectrum, 

P.  In  the  non-degenerate  mode,  operation  extends  over  2Af  (signal  plus 
idle  band)  to  provide  an  effective  amplifier  bandwidth  of  However,  in 

the  degenerate  mode,  operation  extends  only  over  /\  f ,  since  the  signal  and 
idle  bands  coincide^  hence  the  effective  bandwidth  is  l/2  ^f«  A  2.0  kmc  in¬ 
put  band  cantered  at  3  kmc  provides  an  effective  amplifier  bandwidth  of  1.0 
kmc  in  the  degenerate  case.  In  addition  to  the  bandwidth  limitation,  degen¬ 
erate  mode  operation  is  normally  ioi  erlor  to  non-degenerate  node  operation  in 
terns  of  noise  figure.  In  single-channel  operation,  the  minimum  aiq>lifLer 
noise  figure  is  3  db,  since  the  signal  and  idle  noise  components  both  con¬ 
tribute  equally  to  the  over-all  signal  noise  power.  This  noise  figure  can  be 
reduced  somewhat  by  utilizing  a  synchronous  pumping  scheme,  although  the  tedh- 


nlcal  probleans  involTed  do  not  nomally  justify  the  ijoaproTenent*  The  idle 
noise  in  the  non-degenerate  aaplifler,  however,  is  redneed  b7  'tbe  factor 

^  ,  as  it  is  coupled  to  the  signal  channel;  hence  noise  figure  levels  nnich 

*2 

below  3  db  are  achievable.  In  both  modes  of  operation,  the  over-all  gain  is 
due  entirely  to  regeneration  (as  contrasted  to  the  upconverter,  paragraph  d, 
where  conversion  gain  contributes  to  the  total  gain,  thereby  improving  its 
stability).  The  several  schemes  which  may  be  used  to  couple  to  the  basic 
amplifier  configuration  are  discussed  below. 


a.  Direct-Coupled  Amplifier 

This  mode  of  operation  is  one  in  which  the  input  and  output  frequoicies 
are  equal  and  appear  at  the  same  port.  The  apparent  noise  figure^,  F*,  for 
this  device  iss 
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where 


Gg  ■  Input  Conductance 

—  •  Noise  Contribution  from  Circuit  and  Diode  Losses 

Gj, 

^  "■  Noise  Contribution  of  Load 

g 


1.  Apparent  noise  figure,  f',  is  a  modified  definition  of  conventional  noise 
figure  to  include  the  effect  of  load  noise.  Hence,  trcm  an  application 
viewpoint,  it  provides  a  more  meaningful  figure  of  merit  than  does  the 
conventional  definition,  which  excludes  load  noise. 
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■  HegatlTv  Condnetanoe  of  AMpllfler 
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It  la  crrLdeat  from  equation  (5-1)  that  the  oontribation  of  load  noise 
axid  idle  noise  to  the  oaplifier  noise  figure  is  reduced  hgr  li^t  output 


coupling 


and  wide  separation  of  the  signal  and  idle  bands 


•r^  »1  j  •  In  order  to  achie've  stable  gain  and  winimni  frequsnex  sensitiTi^f 

adnimm  noise  figure  of  3  db  for  a  lossless  paraiqp  (noise  figure  ■>  0  db)» 

This  iq>piroach  is,  therefore,  not  to  be  too  highly  considered*  The  effect  of 
load  noise  can  be  altainated  by  seans  of  the  hybrid  coupler  or  ferrite  oireu- 


lator,  as  each  serres  to  isolate  the  load  fron  the  aq[d±fier  input* 


b*  HEybrld-Coupled  Asplifler 

The  hybrid  can  be  utilised  to  couple  to  a  i)aneietrie  aaplifier  as  shown 
in  Figure  U-21* 
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Figure  U-21.  Hybrld-Co\iDled  Amplifier 

An  input  at  port  1  will  split  equally  in  magnitude  and  90®  out  of 
phase  to  Lhe  identical  amplifier  stages  and  be  amj^lified*  The  resultant 
amplified  si^^als  will  add  in  pha.‘io  in  am  2,  out  of  phase  in  arm  1  and, 
hence,  couple  completely  to  port  2.  Consequently,  the  entire  output  appears 
at  the  load.  Tn  the  wsame  way,  noiso  or  reflections  from  the  load  are 
amplified  and  coupled  entirely  to  port  1.  Hence,  noise  isolation  of  the 
lead  is  achieved.  The  amplifier  apparent  noise  fi/pjre  is: 


the  absexiee  of  parasitic  losses,  and  for  high  gain,  the  noise  figure 

W 

is  approxlmatel7s  ?■>!-<■  and,  hence,  is  primarilj  detenained  by  the 

W2 

ratio  of  sigiuQ.  to  idle  freqaencj.  In  the  degenerate  case,  ■  W2J  con- 
saquentl7,  the  minimum  noise  figure  is  3  db  (lossless  paramp).  Operation  in 
the  non-degenerate  mode,  of  course,  idJLl  result  in  loirer  ralues  of  a>|>lifier 
noise  figure* 

Since  the  system  must  e^dilblt  moderatelj-high  regeneratlTS  gain,  it  is 
important  that  a  good  match  exist  at  each  port,  and  that  the  Isolation  of  the 
hybrid  coi^ler  be  high*  If  ^  is  taken  as  the  isolation  between  two  adjacent 
arms,  and  also  as  the  reflection  coefficient  at  all  tezminals,  then  the 
stabiliigr  conditions  become  ^  ^  ^  1,  where  Gj|^  is  the  regenerative  gain  of 
each  amplifier  stage*  For  a  13-db  amplifier  gain  and  a  6-db  margin  against 
oscillation,  ^  ^  ^  x  l/20*  Hence,  the  VSVIR  at  aU  connections  must  be 
less  than  1*25  and  the  coupler  isolation  greater  than  19  db  over  the  input 
band*  RGA-New  7o^  vas  the  first  to  utilize  the  hybrid  scheme  in  the  develop¬ 
ment  of  octave-bandwidth  tunnel-diode  amplifiers*  The  disadvantages  of  using 
the  hybrid  scheme  are  listed  below s 

1*  More  pump  power  required  for  a  given  gain* 

2*  Arms  3  and  U  of  the  hybrid  must  remain  balanced  at  all  times* 

3*  The  load  must  have  a  near  perfect  match  (VSWR  *  1*1)  over  the 
entire  band  of  frequencies  to  be  aapllfled*  Any  mismatch  at  the  load  will 
cause  a  feedback  loop  to  the  paramp  and  cause  instability  and  oselUation* 


c*  Circtilator-Coupled  A]iQ>llfler 

Due  to  the  non-reciprocal  nature  of  the  circulator,  noise  arising  at 


the  load  is  Isolated  from  the  aapllfier  stage  and  is  tranaaaltted  instead  to 
a  Matched  temlnatlon.  Thus,  the  apparent  noise  fi^^ure  can  be  expressed  ast 
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As  in  the  hybrid-coupled  scheme,  the  minimum  noise  figure  for  degenerate 
node  operation  is  3  db  (lossless  paranp).  Lower  noise  figures  can  be  aohlsTsd 
in  the  non-degenerate  modeo 


do  Lower  Sideband  Upconverter 

The  feasibility’  of  pro'vlding  a  fll'ber-type  parametric  aunpllfier  with* 
13**db  gain  orer  an  ocbare  bandwidth  is  primarily'  dependent  upon  the  'tech¬ 
niques  employed  in  synthesising  the  idler  and  diode  networks,  since  the  diode 
parasitic  elements  (particularly  self-resonance)  introduce  frequency-sen- 
sltlre  'tems  in  the  OTer-all  gain  expression,  which  grea'tly  deteriorates  the 
aiQ>llfler  performancso  These  detrimental  effects  can  be  somewhat  allsTlated 
using  mul'blple-oavlty  networks  in  which  the  diode  self-adnlt-bances  at  -the 
input  and  output  frequencies  are  incorporated  as  parts  of  a  ladder  structure# 
In  this  manner,  the  achnlt'taxuses  seen  at  -the  diode,  looking  in  either  dlreo- 
tion,  can  be  kept  real  over  a  large  band  of  frequencies  and  substantial  gain- 
bandwidth  products  are  possible#  Because  of  'the  frequency  sensltl're  terms 
in  G  and  P,  the  gain  will  not  be  al'together  flat}  yet,  the  basic  argument 
for  obtaining  broad  bandwidth  still  holds,  since  the  regeneratife  amplifica¬ 
tion  may  be  sloped  so  as  to  cancel  these  known  effects# 
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The  inmedlate  adrantage  of  the  upconrerter  is  that  for  a  giren  anoont  of 
net  gain,  the  anotmt  of  regeneration  needed  is  less  than  In  all  the  previous 
cases  discussed*  Therefore,  an  extremely-^tahle,  low-noise  amplifier  maj  be 
constructed  by  taking  advantage  of  conversion  gain,  W2iAf-j^,  while  providing  a 
controlled  amount  of  regenerative,  K/(1-2)^,  gain*  The  limit  of  conversion 
gain  is  normally  deteznlned  by  the  succeeding  donn converter  stage  and, 
hence,  the  output  frequency* 

Load  isolation  is  an  inherent  property  of  the  upconverter,  since  the 
noise  arising  from  the  load  is  aiiq>llfied  regeneratlvely,  while  the  signals 
from  the  input  eaperience  regenerative  plus  freqTiency  conversion,  thereby 
improving  the  output  signal-to-noise  ratio  by  the  factor  V2Afj_*  appar¬ 
ent  noise  figure  of  the  upconverter  can  be  ejqressed  as 
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The  noise  figure  of  this  upconverter  at  a  signal  frequency  of  3  knc 
will  be  in  the  order  of  2*2  db*  One  of  the  formidable  limitations  of  the 
proposed  upconverter  is  the  necessity  for  a  broadband  downconverter*  This 
means  that  the  downconverter  must  have  an  Information  bandwidth  of  2000  me 
and  a  noise  figure  of  8,9  db.  Tunnel-diode  downconverters  are  definitely 
not  recommended  at  this  time  because  of  their  limited  bandwidth  \inder  matched 
conditions*  The  noise  figure  of  the  conventional  mixer  can  be  expressed  by: 
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37  asstonlng  G  *  0«0006  mho,  the  abore  e^qxresslon  yields  a  noise 
figure  of  9  db.  Indicating  a  parametrlc-t^conv-erter,  condnctance-down- 
conreirter  noise  figure  of  approximately  3*0  db, 

RCA-New  York  has  built  an  ortho  mode  type  of  mixer  with  an  IF  infor¬ 
mation  bandwidth  of  1000  me*  However^  the  complete  2000  me  bandwidth  does 
not  appear  feasible  at  this  time,  due  to  the  absence  of  proper  matching 
metworks  and  low-noise  2000  me  IF's* 

The  parametric  downconrerter,  or  demodulator,  has  a  noise  figure  which 
can  be  expressed  as: 
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The  noise  figure  of  the  downconrerter  stage  is  11  db  of  a  regenerative 
gain  of  6  db  (conversion  loss  of  7»5  db),  and  a  net  demodulator  loss  of  1,5 
db«  However,  this  noise  figure  does  not  incxLtide  the  2000  me  IF  noise  figure, 
which  will  invariably  raise  the  second-stage  noise  contribution  considerably* 
A  novel  type  of  mixer  using  a  non-linear  capacltance-condictance 
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characteristic,  which  should  have  a  noise  figure  in  the  order  of  3  to  5*6  db, 
is  presentljr  being  analTzed  \>j‘  HCA-New  York. 

This  technique  is  the  most  promising,  since  it  offers  a  positire  input 
impedance  while  providing  regeneration  and  a  low  noise  figure.  To  be  sure, 
the  present  resistance  mixers  have  a  limited  barrier-capacitance  variation, 
which  in  scane  instances  allows  for  a  mixer  noise  figure  less  than  that  pre¬ 
dicted  bjr  resistance  theory.  One  immediate  example  of  this  is  the  Varian 
Orthomode  Mixer,  which  has  a  noise  figure  ranging  from  lt.«0  to  6*0  db,  depend¬ 
ing  upon  the  selection  of  diodes.  However,  lowHioise  mixers  can  conceivably 
be  provided  by  simply  operating  the  diode  in  the  highly  non-linear  con¬ 
ductance  capacitance  region  (  +  0.1  volt).  The  noise  figure  esqpression 

for  a  diode  with  AC  and  AO  varintioa  is 

F  -  1  +  £22  +  .(1  20  lo)  (Ql  Qa)  ,  Qj 

AC  AO  ®g(®R  ^0^2^  ®T2  ^Tg  ®g 
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Assuming  a  diode  with  a  AC  ■  0.U66  10“^  farads  and  a  AO  ■  0.0006 
mho,  we  can  expect  a  noise  figure  ranging  from  the  optimistic  lossless  ease 
of  3  db  to  the  pessimistic  loss  case  of  5.6  db. 
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«•  rouble  Sldebaad  Varactor  Upconrerter 

There  are  three  basic  inodes  of  operation  of  variable-reactance  communi¬ 
cations  receivers.  They  are,  respectively,  the  negative-resistance  type,  the 
upper-sideband  type,  and  the  lower-sideband  type.  The  amplifier  described 
here  Is  one  which  has  been  Investigated  extensively  In  the  RCA  Microwave 
Applied  Research  Group,  and  which  was  reported  on  by  Vf,  Eckhardt  and  P, 
Sterzer  at  the  International  Solid  State  Circuit  Conference  in  I960,  It 
makes  use  of  the  power  output  at  both  sidebands. 

The  power  flow  at  different  frequencies  in  a  lossless  non-linear  rea6tor 
is  governed  by  the  Manley-Rowe  equations 
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(where  P^jp+^g  is  the  net  power  absorbed  by  the  non-linear  reactor  at  frequency 
mf„+nf  ),  These  equations  show  that  double-sideband  upconverslon  (i,e,  power 

x'  3 

input  at  fp  and  power  output  at  f^  and  fp  ±  fg)  is  a  particularly 
advantageous  mode  of  operation.  If  only  the  lower  sideband  (fp  -  fg)  is 
allowed  to  exist,  negative  resistance  is  exhibited  by  the  pumped  non-Unear 
reactor  at  both  f^  and  (fp  -  fg),  resulting  in  basically  unlimited  gain,  but 
also  in  only  conditional  stability.  If,  on  the  other  hand,  only  the  upper 
sideband  exists,  the  pumped  non-linear  reactor  represents  a  positive  resist¬ 
ance  at  both  fg  and  (fp  fs)*  Ihe  conversion  gain  Is  limited  to  the  ratio 


When  both  sidebands  exist  in  proper  proportion,  however,  it  is 


possible  to  combine  the  advantages  of  'Uie  two  single-sideband  cases,  i«e«,  to 
obtain  basically  imlimited  yet  nnconditionally  stable  gain*  This  can  be  sbown 
by  specialising  the  Manley-Rowe  equations  for  the  case  in  which  power  flows 
<»ily  at  the  freqaencles  fp,  f^,  and  fp^-g  (i«e*,  for  m,  n  <■  o,  t  l)t 


P  P 
P  3 


V^B 


(e-3) 


P  P  P_^ 

8  p^8 

^8 


(e-U) 


For  Pg  ■>  0,  equations  e-3  and  e-U  assume  the  following  fonast 


P  P 

P-«  .  lEi2- 


f  -f  f  +f  * 
^p  -^s  ^p  ^s 


Pp--(Vs^W  • 


(•-5) 

(«-6) 


Equation  (e-5)  proves  that  unlimited,  unconditionally  stable  gain  is 
indeed  possible,  because  Pg  ■  0  is  compatible  with  sideband  powers  >  0. 

Equation  (e-6)  indicates  that  all  of  the  sideband  power  leaving  the  non¬ 
linear  reactor  (in  the  case  of  Pg  0)  is  supplied  by  the  pump. 

Additional  advantages  of  this  type  of  amplifier  are  the  freedom  from 
the  reqiilrenent  for  a  circulator  to  separate  the  Input  and  output  signals, 
and  the  broad  bandwidths  achievable.  With  a  10-kmc  pump,  Eckhart  and 
Sterser  of  RCA  were  able  to  achieve  a  gain-bandwidth  product  of  1.5  kmc, 
using  diodes  which  were  available  in  1959.  In  a  narrower-band  unit,  they 


achieTed  better  than  3-db  noise  figure*  It  seems  clear  that  with  presentlj 
available  diodes,  and  an  extension  of  the  theory  to  include  efficient 
doaodulator  schemes,  it  may  be  possible  to  demonstrate  extremely  broad 


bandwidths* 
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CHAPTER  VI »  MISCELLANEOUS  TOPICS 
DIODES 

The  best  results  have  been  achieved  using  a  cartridge-type  silicon 
varactor  diode  with  the  following  characteristics t 


Breakdown  Voltage  ■  -5  volts 

Cq  -  0.8  pf 

Lead  Inductance  ^  2  nh 

Cutoff  Frequency  110  krac  (measured  at  breakdown ) 

It  looks  like  the  diode  used  has  not  exhibited  an  abnormally-high 
value  of  due  to  an  anamolous  minority  carrier  charge  storage  effect} 
however,  this  has  not  been  conclusively  proven. 

NOISE  FIGURE 

It  is  significant  that  the  circulator-coupled  parametric  amplifier  dis¬ 
played  a  reasonably-low  noise  figure  (l.e.  =  2.1  db)  despite  the  fact  that 
external  idler  loading  was  employed.  If  a  simplified  equivalent  circuit 
for  the  parametric  amplifier  is  used,  in  which  there  is  no  external  idler 
loading,  the  optimum  punqp  frequency  and  noise  figure  can  be  ccanputed  from: 
(7) 

f^  optimum  *  f^J  1  +  (  Q)^  S/'Qfl  > 

where 

f]^  ■  signal  frequency. 

Cl 

Now,  letting  y'  *  ■  1/6  for  graded  Junction  diode,  where  small-signal 
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diode  capacitance  ■  C  ■  Cq  +  cos  0)^  *  Si  0)^  ■  pump  frequency,  for  a 
graded  junction  diode  operated  at  a  voltage  approximately  l/2  its  break¬ 
down  voltage,  the  cutoff  frequency  at  the  operating  point  will  be: 

f^  -  110^3^  -  8.7  kmc, 

where  f_  «  diode  cutoff  frequency  at  1he  operating  point. 

Thus,  since 

Q  -  t^l fi  »  87/2.5  -  3U.8, 

f^  optimum  ■  (3U*8/6)  (2.5)  ■  llt.5  kmc* 

It  should  be  noted  that  as  the  dissipation  losses  go  up  (i.e.,  lower 
diode  cutoff  frequency  and/or  external  idler  loading)  the  optimum  ptm?) 
frequency  goes  down*  The  actiial  amplifier  on  this  program  was  pumped  at 
12.2  kmc. 

At  room  temperature,  the  noise  figure  for  this  optimum  condition  is 

-1+2  Q.17  +  .03  ^  -  I.UO  . 

Taking  into  account  the  loss  of  the  ferrite  circulator,  the  over-all  paramp 
noise  figure  is 

F  -  (Li  -  1)  +  F  min 

-  1.025  -  1  +  l.UO  -  1.U25} 

for  a  0.1-db  loss  in  the  circulator,  10  log  F  -  1.51:  db. 

Host  previous  effort  on  broadband  parametric  amplifiers  has  been  re¬ 
stricted  to  the  use  of  no  external  idler  loading  in  order  to  achieve  the 
optimum  noise  figure*  Although  the  2*l-db  noise  figure  obtained  on  this 
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program  is  higher  than  the  idealized  optimum  noise  figure  ^  it  is  quite 
satisfactojy  for  most  low-noise  amplifier  applications. 

It  should  also  be  noted  that  aU  known  theoretical  work  on  noise- 
figure  optimization  has  not  full7  taken  into  account  the  diode  parasitic 
circuit  elements  (lead  inductance  and  case  capacitance),  as  well  as  the 
variations  in  circuit  elements  due  to  the  mounting  of  the  diode  in  a  micro- 
wave  transmission-line  structure.  Another  assumption  employed  in  all 
theoretical  work  is  sinusoidal  pumping.  In  practice,  the  pump  swing  is 
about  0.5  volts  positive,  and  the  pump  voltage  is  being  clipped  on  the  for¬ 
ward  half -cycle. 

The  low  noise  performance  has  been  achieved  using  about  200  milliwatts 
of  pump  power;  however,  the  actual  pump  power  across  the  diode  non-linear 
capacitance  is  somewhat  less,  due  to  dissipation  losses  in  the  pxnrqp-circult 
high-pass  filter  and  voltage  division  between  the  diode-lead  inductance 
and  the  diode  non-linear  capacitance. 

GAIN  SATURATION 

A  typical  gain-satiuration  curve  for  the  circulator-coupled  parametric 
amplifier  is  shown  in  Figure  I4.-22,  Sjnce  a  varactor  diode  with  a  breakdown 
voltage  of  -5  volts  was  employed,  some  Improvement  in  saturation  character¬ 
istics  can  be  obtained  by  going  to  diodes  having  -6  volts  at  breakdown. 
TUNING 

All  of  the  broadband  performance  reported  on  this  program  was  for 
amplifiers  using  three  X-Band  (RG-52/U  waveguide)  slide-screw  tuners  in  the 
idle  circuit.  A  special  triple-screw  was  designed  and  fabricated  as  a 
possible  replacement  for  the  three  slide-screw  tuners.  This  tiinar  consisted 


POWER  INPUT  r>pM 


••  6o  “• 


of  three  3/32  inch  diameter  slugs  spaced  l*31it  inches  apart  in  RG-52/Q 
maveguide*  A  response  curre  for  the  broadband  paraap  using  this  tvner  is 
shown  in  Figure  li.-23*  Different  results  are  obtained,  since  the  frequency 
sensitivity  of  the  three  slide  turners  and  the  triple  screw  tuner  are  some¬ 
what  different  over  a  broad  frequency  range* 


1 
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SECTIOM  $t  CONCLUSIONS 

An  S-Band,  circulator-coupled  parametric  anpllfler  can  be  realised  har¬ 
ing  a  gain  of  9*5  db,  a  bandwidth  of  83O  me,  and  a  noise  figure  of  approx¬ 
imately  2.1  db«  Higher  gains  can  be  achiered  for  narrower  bandwidtha  (e*g* 
20-db  gain  for  330-«ic  bandwidth).  It  is  significant  that  this  perfonaance 
has  been  achiered  using  a  sin^e  cartridge  type  diode  without  unusually  high 
self -resonant  and  cutoff  frequencies* 

External  idler  loading  can  be  utilized  in  achlering  broadband  operation* 
Although  the  aii5)lifier  noise  figure  will  no  longer  be  optimum,  it  can  be  low 
enough  to  be  quite  satisfactory  for  most  applications* 

Achiering  broadband  parametric  amplification  at  microware  frequencies 
requires  integration  of  the  diode  parasitic  circuit  elements  (i.e«,  lead 
inductance  and  case  capacitance)  into  broadband  signals  and  idle  circuits* 

Two  simple  experimental  techniques  upon  the  raractor  diodes  mounted  in 
a  microware  structure  can  be  employed  in  detemining  conditions  that  seem 
to  be  necessary  for  satisfactory  broadband  parametric  amplification  at  pre¬ 
scribed  frequencies* 

The  signal  circuit  measurements  were  made  under  both  static  and  dynamic 
conditions  (l*e*,  with  and  without  pump  power)*  The  Idle-clrcuit  measure¬ 
ments  were  made  under  static  conditions  (l*e*,  without  pump  power)* 


-  63  - 


SBCTIOH  6 1  BECOMMENDED  FUTURE  WORK 

Now  that  this  program  has  been  completed.  It  seems  appropriate  to  dla- 
cuss  recommended  areas  of  fut\ire  research  and  derelopnent  on  broadband 
parametric  amplifiers.  This  program  apparently  is  but  one  of  three  lnde« 
pendent  efforts  within  industry  that  have  resulted  in  significant  broad¬ 
band  performance  with  microware,  semiconductor-diode  parametric  amplifiers. 

At  Airborne  Instruments  Laboratory,  efforts  hare  bean  concentrated  on  the 
balanced  parametric  amplifier  which  employs  two  pill  varactors  (8,  9,  10). 

At  Texas  Instruments,  efforts  have  been  concentrated  on  a  sin^e-diode  para¬ 
metric  amplifier  using  a  structure  and  techniques  somewhat  different  than  at 
RCA  (11,  12,  13,  nil).  The  Texas  Instruments  paramp  has  only  the  pump  circuit 
in  waveguide,  with  both  the  signal  and  idle  circuits  in  coax.  The  RCA  paramp 
has  both  the  paramp  and  idle  circuits  in  waveguide,  with  only  the  signal 
circuit  in  coax.  Performance  achieved  with  the  different  types  of  broadband 
parametric  amplifiers  is  tabulated  below. 


Company 

Center 

Frequency 

Gain 

Bandwidth 

Noise 

Figure 

RCA 

2.5  kmc 

9.5  db 

830  me 

2.1  db 

AIL 

5o3  kmc 

10  db 

500  me 

3.0  db 

TI 

5*8  kmc 

13  db 

700  me 

2.U  db 

TI 

5.8  kmc 

13  db 

UOO  me 

2.1  db 

6U 


Informal  discussions  with  engineering  personnel  from  AIL  and  TI  indicate  that 
other  broadband  paramps  have  been  developed  at  L-Band  and/or  Z-Band;  however, 
only  published  results  have  been  included  in  the  foregoing  chart.  The  AIL 
amplifier  technique  utilizes  the  self -resonant  frequency’  of  ihe  diode  at  -the 
idler  frequency.  The  RCA  amplifier  technique  places  the  self -resonant  fre¬ 
quency  of  the  diode  at  the  signal  frequency.  The  TI  amplifier  technique 
uses  multi-tuned  circuits  and  apparently  does  not  xise  the  diode  self -resonant 
frequency  in  such  an  ob’vLous  manner;  however,  the  diode  parasitic  circuit 
elements  are  quite  carefully  integrated  in-bo  the  signal  and  idle  circuitry. 
Neither  AIL  nor  TI  use  external  idler  loading,  while  the  RCA  ai^llfier  does 
employ  such  loading. 

One  area  where  further  theoretical  work  should  be  directed  is  the  use 
of  external  idler  loading.  Such  loading  will  undoubtedly  prevent  realization 
of  optimum  noise  figure;  however,  it  has  not  been  rigoriously  determined  as 
to  how  much  additional  bandwidth  can  be  achle-red  for  a  given  de-vlatlon  from 
optimum  noise  figure. 

Another  area  to  be  investigated  is  'the  performance  of  broadband  paramps 
when  cooled  to  reduced  temperatures.  It  wDuld  be  of  in-terest  ’to  know  how 
much  bandwidth  must  be  sacrificed  for  a  given  improvement  in  noise  figure, 
and  to  what  extent  this  depends  upon  the  diode  semiconductor  ma-berial. 

The  problem  of  increased  non-linearrlty  due  to  anomalous  mlnorlty-oarrler- 
charge  storage  effect  deserves  further  attention. 

It  is  somewhat  premature  come  to  any  definite  conclusions  as  to  the 
relative  merits  of  the  different  techniques  for  broadbanding  parametric 
amplifiers.  Both  TI  and  RCA  have  worked  with  the  AIL  balanced  par  amp  with- 
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out  signlflcaixt  success  in  achieving  broadband  opex'utlon*  Nevertheless^  It 
is  quite  possible  that  the  balanced  unit  ms  not  given  a  fair  chance*  At 
RCA,  good  broadband  results  were  obtained  extremely  late  in  the  program,  and 
work  on  the  balanced  paramp  had  to  be  abandoned  due  to  the  exigencies  of  the 
schedule  and  the  fact  that  a  different  technique  had  yielded  good  broadband 
results.  One  question  to  be  answered  for  all  broadband  parametric  amplifier 
techniques  is,  '*To  what  extent  does  the  amplifier  performance  depend  upon 
the  diode  parameters,  as  well  as  how  readily  these  required  tolerances  can 
be  realized?** 

Another  area  that  should  be  investigated  is  phase  performance  of  broad¬ 
band  parametric  amplifiers.  Possible  sources  of  phase  lineaurilgr  aure  the 
ferrite  circulator,  the  signal-line  multi-quarteivwave  transformer,  and  the 
coaxial  low-pass  filter. 

In  general,  the  advanced  development  of  broadband  microwave  parametric 
amplifiers  has  entailed  supplementing  theoretical  methods  with  a  laborious 
cut-and-try  experimental  program.  SoBie  correlation  between  theory  and 
experiment  has  been  obtained,  although  this  has  not  been  completely  rigorous. 
The  e:q)erimental  techniques  conceived  on  this  program,  which  provide  neces¬ 
sary  conditions  for  broadband  paramp  operation,  are  a  step  in  the  right 
direction.  Further  work  of  this  kind  should  be  of  real  value,  since  broad¬ 
band  microwave  paramps  cannot  be  scaled,  and  each  amplifier  for  a  new  fre¬ 
quency  range  presents  a  new  developmental  problem. 
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SECTION  7i  IDENTIFICATION  OF  PERSONNEL 

Contract  DA-39-039-8c-85058  requires  an  InrestlgatlTe  study  of  the 
problems  entailed  in  a  broadband  S-Band  reactance  amplifier  together  with 
the  furnishing  of  experimental  reactance  amplifiers  and  manufacturer*  s 
drawings  thereof  and  technical  reports  covering  the  iresults  of  the  work 
accomplished* 

Of  the  total  funds  allocated  for  this  program  at  an  engineering  level, 
about  29%  have  been  e:)q>ended  during  the  period  October  1,  196I  throTxgh  March 
7,  1962.  The  program  has  resulted  in  a  new  technique  for  broadbanding  micro- 
wave  parametric  amplifiers,  and  a  deliverable  model  having  a  bandwidth  of 
830  me*  This  program  has  been  satisfactorily  concluded  within  the  allocated 
funds*  A  list  of  key  persoimel  assigned  to  this  contract  and  the  total 
number  of  hours  spent  by  each  during  this  period  follows 


Hours  Charged 
to  Contract 

Hours  Worked 
on  Contract 

B*  Bos sard 

620 

620 

R*  Pettai 

703 

703 

S*  J.  Mehlman 

— - 

52 

Dr*  H.  Boyet 

— 

39 

R*  H*  Kurzrok 

31 

171 

B*  Perlman 

180 

U77 

E*  Markard 

65U 

65U 
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APPja^DIX  I 

BASIC  THEORY  OF  VOLTAGE  VARIABLE  CAPACITANCE 
Section  1.1  D«rlv«tian  of  EqulTalont  A<M.ttanco  Matrix 

We  begin  by  considering  a  voltage  variable  capacitor  C  ■  C(v) 
where  v  is  the  total  voltage  across  the  capacitor  (Fig*  l~la)  The 
total  charge  Q  on  the  capacitor  can  also  be  represented  as  a  function 
of  the  iit^ressed  voltage  (Fig.  1-lb). 

Q  ■  f(v)  (1*1) 


Fig,  1-1.  Characteristics  of  Voltage  Variable  Capacitance 
Using  Taylor  expansion  and  taking  the  first  four  terms  only 

yields 

a.4:(v;)  rfVv.)(v-s4) (l.j) 

•2  !  3  ! 

The  total  voltage  v  will  now  be  taken  as  the  sum  of  four 
conqponent  voltages:  a  dc  bias  voltage  v^,  the  signal  voltage  v^ 
at  a  frequency  f^,  the  idler  voltage  v^  at  f^  (also  the  output  voltage 
in  case  of  a  parametric  upconverter)  and  the  p^ul^>  voltage  v^  at  fy 

i  f  e  • 

'2r=Vo-r  v,c  i-v.  e.  -t-  -t-v*.  c  -f  v»e. -rvj  a 


1 
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wh«r«  bgr  dsfinltlon 


(l-U) 


1^1  ■ 

V  •  — rr-" 

^  1  I 

V*  .  c, 

V  ■  C' 

V*  -  1_^ 

V  -  >  ^a\ 

i  . 

V?  -  1  ^  t  e. 

The  quantity  jvj  signifies  the  physical  peak  amplitude  of 
the  particular  voltage.  It  is  seen  ttiat  the  complex  conjugate 
components  in  Eq,  (1-3)  combine  to  givj  a  real,  physical  voltage 
across  C.  For  a  lower  or  difference  frequency  sldebaiid  upconverter, 
the  only  mode  of  operation  discussed  in  this  paper,  the  output  is 
taken  at  the  idler  frequency  f^,  and  the  three  angular  frequencies 
are  related  as  follows 

UJ-I^  ar  —  KAJy  (1-5) 

Since  UJ,  ,  LUj^and  U/^  are  in  general  incommensurate,  the 
phases  (p,  ,  and  could  be  assumed  to  be  zero.  However,  for 
greater  generality  they  will  be  retained,  but  the  pump  phase  will 
be  taken  as  reference  and  set  equal  to  zero 

"  0  (1-6) 

which  means  that 


V. 


(1-7) 


■3  ’3  “T" 

Substituting  Eq.  (1-3)  into  Eq.  (1-2)  it  is  evident  that  the 


second  term  f '  (v^)  (v  -  v^j)  contains  only  terms  at  Wj  ,  and 

In  the  square  term,  however,  otlier  frequencies  appear.  If  only  the 
three  frequencies  of  interest  are  retained  (the  circuits  are  asstamed 
to  be  of  very  low  inpedance  to  all  others),  then  in  view  of  Eqs  (1-5) 
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(l-7)  the  square  term  of  Eq«  (1-2)  bectraes 


-f./vr^'V^ct  •+•  -r-vT''^c# -♦■  WA/tc* 

a.  '* 

(1-8) 

Similar  treatment  of  the  cubic  term  shows  that  among  many 
terms  arising,  only  the  following  need  be  kept: 

+  rve^"$  vy^“'^‘'i  r^v  Lsiv 

t  [;/%  [L^iV  l^V  i^](1.9) 

Since  the  idler  and  signal  amplitudes  are  assumed  to  be  much 
smaller  than  that  of  the  pump,  Eq.  (1-9)  simplifies  to  - 

^  ^  "i. 

r  iu/.t  -jwit7  1  ^al 

^  I V  ^3®  r  'T 

Let  us  also  write  the  total  charge  Q  as 


(1-10) 


3  (1-11) 


«  JUAt  *  JWi.t  W 

Q  -  q^e  -J.  q^e  q^e  ^  q^ 

If  Eqs.  (1-8),  (1-10)  and  (l-ll)  are  now  substituted  in  Eq,  (1-2) 
and  terms  of  like  frequency  are  grouped  together,  then 
cjo  c. -F(dro) 


-T  ‘C'vi)  1^1  )  /v,.\  -T  “(^  )^ vij  ^ 


ruu»*i 


[(fW  ,^'V)  ^  -f 

s 


It  is  of  particular  interest  to  examine  the  following  pair  of 
equations* 

“i.t  (1.13) 

^  (1.1,,) 

The  above  equations  rese:T;ble  those  of  a  four-terminal  or  two- 
port  network,  ‘sn  ihi:,  case,  however^  the  two  ports  correspond  to 
different  frequency  domains,  U^i  ana  ,  The  significance  of 
Eqs.  (1-13)  and  (l-lli)  becomes  more  apparent  when  both  are  differ¬ 
entiated  with  respect  to  time. 

After  differentiating  and  dropping  ti\e  time  dependence  we  obtain: 

^  =  I,. (1.15, 

'V*  (1-16) 

*  This  is  arbitrary;  the  other  pair  involving  and  could  have 


been  taken  as  well. 
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These  equations  are  in  the  familiar  form  of  admittance  description 
of  a  general  four- terminal  network. 

Eqa.  (1-1$)  and  (1-16  show  clearly  that  there  is  coupling  between 
and  Vg  through  the  action  of  the  pump  voltage.  The  presence  of  the 
pump  therefore  couples  the  signal  voltage  at  f^^  to  the  conjugate  of 
the  idler  voltage  at  f^.  It  is  to  be  noted  that  the  quantities  corre¬ 
sponding  to  y^2  and  are  of  opposite  sign,  which  means  that  the 

input  admittance  can  be  negative.  This  is  easily  seen  if  one  considers 

*  * 

the  coupling  of  v^  to  Ig  and  back  to  again  via  Vg,  The  total  phase 
shift  is  zero  since  a  shift  to  +  j  is  experienced  in  going  from  v^  to 
I2  and  is  continuing  from  Vg  to  In  passive  linear  circuits  the 
signs  of  y^2  and  are  equal  and  a  total  phase  shift  of  I80®  would 
be  obtained* 


Eqs#  (1-12)  show  that  four  more  coupled  pairs  exist,  one  for 
exanple  being  between  and  but  there  the  coupling  occurs  either 
via  or  v^,  being  much  weaker  on  account  of  v^  and  v^  v^*  As 
a  result,  those  couplings  are  of  no  particular  Interest  in  the  present 
case  and  will  not  be  considered  further* 

Returning  to  Eqs.  (l-l5)  and  (I-I6)  we  note  that  f*(v)  -  ^ ^ 


C  and  therefore  f *  (v  )  «  C  ,  the  operating  point*  Since  f'^'Cv^) 


is  dimensionally  also  a  capacitance  we  let 


o  Y 


(1-lt) 


The  physical  significance  of  can  be  seen  from  Fig#  1#2. 

With  no  pump  voltage  applied  C,p  ■  C^,  which  is  the  quiescent  point 
determined  by  the  applied  dc  bias  v^#  With  v^  applied,  the  curvature 
of  the  non-linear  capacitance  causes  the  effective  oper.vting  point  to 
shift  slightly  from  to  C^*  This  Is  analogous  to  the  appearance  of 
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a  dc  term  in  devices  having  non-linear,  transfer  characteristics  such  as 
a  square  law  detector. 

The  term  f''(v^)v^  can  also  be  given  a  physical  meaning.  From 
Bq.  (1-7)  we  note  that  v^  is  a  real  quantity,  equal  toJ^^^.  Hence 

f "  (Vg)v^  -  -P  (1-18) 


and  it  thus  represents  the  line  segment  shown  in  Fig.  1-2  below 


Fig.  1-2.  Relationship  between  C^,  and  ^  C 
For  brevity  let 

Wo  can  now  rewrite  Eqs.  (l-l5)  and  (l-l6) 

^1  “  '  (1-20) 

(1-21) 

or  in  matrix  form 


(1-22) 


vhere 


j 

.1  - 

='21  =^22 

-JtWxPy 

(1-23) 


Section  1  ?  ‘iqxd  valent  Clrniite  for  Ideal  Varactore* 


The  relationships  (1-20)  and  (1-21),  and  their  matrix  (1-23) 
can  readily  be  represented  by  an  eqtiivalent  circuit  which  contains 
two  passi.v^e  elements  and  two  voltage-controlled  current  sources* 
Fig.  1-3  shows  the  resulting  m^tvoric. 


Fig.  i“3.  C'arrent  L>.:'Vrr::e  r.eni.fition  of  Non-linear 

Capr^cl  tance 


rieji-jcJorta  ar:  :  j 

the  signal  cjnd  ioj.er  '•ic' 

the  coiiplLi'.g  in  i’or.'  jf 

This  representation  Is,  of  ccvr 
example,  the  matrix  (1-  i’)  could  1-^  ^ 
Z-matrix  wouj.d  then  yield,  iho  network 


c.m.lj  (  c  tl'io  self -admittances  of 

r ..tivelv,  whereas  y  v  and  y  v_  are 
12  2  Ul  1 

lif  ontrolled  current  sources# 

se*  not  the  only  one  possible.  For 

uoily  inverted  and  the  resulting 

the 

shown  in  Fig*  l“li  on  following 

A 


page. 


- - —  -  — 

*  Henceforth  the  terms  ’^Varactor",  "diode”  and  "non-linear  capacitance" 
will  be  used  interchangeably,  all  referring  to  the  variable  capacitance 
semiconductor  juncition  diode. 
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Fig.  I'll,  Voltage  Source  Representation  of  Non-linear 

Capacitance 


Here 


'll  “ 

II 

\ 

Cot  Ct  K  ^ 

12  - 

-  = 
dc-l- 

"A 

1 

'21 

c4c-V 

• 

A 

1 

OJ  I  Ct^  ^  ’’ 

'22  ~ 

_ 

c^c.4' 

# 

A 

1 

{jjz  Cr 

) 


(1-2U) 


and 'for  convenience 


=  I  —  / 


(1-25) 


K.zcrl 

"While  from  a ' theoretical  standpoint  the  two  representations,  i.e. 
either  contr  lied  voltage  or  controlled  current  sources,  are  completely 
equivalent,  only  the  latter  type  will  be  used  in  the  analyses.  The 
reason  for  this  choice  lies  in  the  greater  usefulness  that  the.  shunt 
representation  has  in  most  waveguide  network  elements  (tuners,  irises  etc.) 
are  shunt  devices  by  nature.  Furthermore,  the  .variable  capacitor  itself, 
in  form  of  a  Varactor  diode,  is  usually  shunted  across  the  waveguide  in 
most  physical  pararaetric  devices.  The  representation  of  Fig.  3~3  is 
therefore  more  natural  and  can  be  more  easily  combined  with  the  rese  of 
the  circuit  to  simplify  the  analysis. 
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Section  2.1  Modified  Admittance  Matrix 

In  the  foregoing  analysis  the  Varactor  diode  was  assumed  to  be 
a  pure  variable  capacitance.  This  is  a  very  much  idealized  picture 
since  a  conventional,  physical  diode  is  known  to  contain  a  number, 
of  parasitic  elements  such  as  case  capacitance,  lead  inductance  and 
ohmic  resistance.  A  more  accurate  equivalent  circuit  for  these  diodes 
therefore  is  shown  in  Fig.  1-5. 


Fig.  1-5*  Equivalent  Circuit  of  Varactor  Diode 
In  the  figure  R  is  the  spreadin/^  resistance  which  includes 
the  spreading  effect  of  the  p-n  junction  as  well  as  the  ohmic  contact 
losses.  L  and  are  respectively  the  lead  inductance  and  case  capaci¬ 
tance  a  ssociated  with  the  diode  package.  is  the  leakage  resistance. 
The  voltage-variable  capacitance  C  has  been  shown  separated  into 
and  in  order  to  emphasize  that  the  variations  of  capacitance 
are  superimposed  on  a  given  quiescent  value  of  C,  namely  C^. 

Typical  values  for  commercially  available  variable  capacitance 
diodes  are  presented  in  Table  2 “I  below, 
ri  0.5  -  h 
R  ss  1  -  10  ohms 

L  -Si  0.5  -  5  ^ 

■=  0,1  -  0,3  /-wav-T 

Rq  —  1  megohm 

Table  2“1,  Parameters  of  Actual  Varactors 


-  78  - 


In  most  diodes  the  case  capacitance  Cg  is  small  enough  to  be 
neglected.  Similarly  at  frequencies  above  VHF  the  leakage  resistance 
Rg  jn  parallel  with  can  be  ignored  if  there  is  no  pump  voltage 
excursion  into  the  forward  conduction  region.  In  view  of  this  the 
equivalent  circuit  of  the  diode  will  be  taken  as  that  ^own  in  Fig.  l-,6» 


Fig*  1-6.  Simplified  Equivalent  Circuit  of  Varactor  Diode 

In  previous  analysis  (Chapter  I)  an  admittance  matrix  was 
derived  for  the  variable  capacitance  only,  i.e. 

V. 


In  order  to  obtain  an  admittance  ma^trix  in  terms  of  voltages 
across  the  total  network,  we  first  let  V  be  the  voltage  across  the 
external,  physical  terminals  of  the  diode.  We  shall  then  s^ek  a 
transfer  matrix  such  that 


(2-2) 


V, 

T 

T 

V  I 

1 

11 

12 

1 

X 

vr 

T 

V* 

2 

21 

22 

2' 

1. 


and 


if  we  let 

/ 

;  R  r  j  wj,  L  » 

Rt  jUJjL*. 

then  from  Fig.  1-6  and  using  Eq.  (2-1) 

h'  '"i  -  h  ■  'Vit  >^12  ’P  h 


(2-3) 
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v*,v* 


<2-U) 


Eqs.  (2-Iij  yield 


V  -a  Vi— 

^  (\-+  1£\)  ' 
<  -  -  '4-l.  Zi  ^ 


and  from  these  finally 


C'-^  'i'J.i  -2.1^) 


It  V* 


t-  Vx 


''J  =  V,  F 


f  Vi  pjL 


-r 


kllE' 


■where 


D-l-t-y  Z,^.y  Z^-f-ZZ^A 
^  11  1  22  2^  12 


and  is  the  determinant  of  matrix  (1-23). 


(2-5) 


(2-6) 


(2-7) 


(2-8) 


A  comparison  of  Eqs.  (2-2),  (2-6)  and  (2-7)  gives  the  desired 
elements  of  the  transfer  matrix 


T  (Ity  Z*)  .(-y  Z  ) 

11  12  1  _  22  2  12  1 

"15“ 

T  T  (-y  Z*)  (l+y  Z  ) 

21  22]  j|  21  2'  11  1  I 

We  now  have  from  Eqs.  (2-1)  and  (2-2) 

I  (y  T  4-  y  T  (y  T  +•  y,  T  )  l7 

1  11  11  12  21  11  1^  12  22  ^  1 

I*  (y«,T  +  T  (y  T  4-  y  T  V*j 

2  1  I  21  11^  22  21  21  12  22  22  jl  8  21 

a  substitution  for  the  T'c  yields 

..  II  I.  I 


\y  1-  z 
f  11  2 


(y  +  z  ^  ) 

22  1 


V 

X  1 


(2-9) 


(2-10) 


(2-11) 
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Hence  the  new  admittance  matrix^  referred  to  the  phgrsloel  tendnals 


of  a  diode,  can  be  written  as 


(y,Ti*  z*  A  ) 

jul  2 

y 

12 

(y  -hZ  ^) 

21 

22  1  1 

i 


(2-12) 


In  order  to  evaluate  individual  terms  of  Eq.  (2-12),  use  will 

be  made  of  Eqs.  (1-23),  (2-3)  and  2-8.  Thus  by  direct  substitution 

D*  11-  y,  Z.4-  y  Z%  Z 

11  -L  22  2  1  2 


^  1-4-  ju;,  C  (R-^  JW|L)1-  (-jw^c  )  (R  -  jU^L)  + 


(R-t-  3u;L)(R  -  jy^L)^ 


where 


y  y 

11  22 


y.  .y 


2  2 


by  virtue  of  Eq.  (1-2$).  Hence 

D  s  1  -  1-  j  w  RC  -  -  A  -f*  (2-13) 

C-T^  t-U/»  wjf  U/i  w/x 

At  tljis  point  let  us  introduce  two  new'quantitiesj  the  series 

/ 

resonant  f requenxy  ttfeand  the  cutoff  frequency  .  By  definition 


(2-lU) 

(2-15) 

Furthermore,  let 

^  =  Si 

lUO 

(2-16) 

Sv 

Ufau  ^ 
UJu 

(2-17) 

Eq.  (2-13)  can  now  be  written  in  a 

simpler  fornix  from  which 

the  physical  nature  of  D  can  be  more  readily  ascertained! 
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Similir  substitutions  result  in 

.  C 

11  *  2  ^  ‘'it 


+  z;  =  3u,,c,^i  -  ( s,i  +  i  )j 


and 


yj+  Zi6»  |i  -  k^Q,'-  j  f,  )j 

(2-12)  can  now  be  written  in  its  final  form  as 


(2-19) 

(2-20) 


1 

Y 

11 

12 

_1 

Y 

"H 

21 

22 

As  a  check,  it  should  be  noted  that  if  the  parasitic  resistance 

R  and  the  lead  inductance  L  are  made  very  small,  then  U^andli^become 

large,  the  quantities  and  tend  toward  zero  and  D  will 

approach  unity.  In  the  limit  the  matrix  (2-21)  will  become  identically 

equal  to  that  of  (1-23)  which,  it  will  be  recalled,  described  the 

behavior  of  an  idealized  non-linear  capacitance  . 

It  should  be  stated  that  in  this  as  well  as  in  forthcoming 

analysis  the  pump  voltage  v  across  the  p-n  Junction  capacitance  (and 

3 

hence  AC  )  is  assumed  independent  of  U/©  and  iL^  .  Obviously  U/o  and  (Uct 

do  affect  the  voltage  drop  across  C  ,  but  a  Simplifying  assumption  Is 

T  ■  \ 

made  that  regardless  of  OJc  or  C/^he  pump  power  is  adjusted  to  yield  the 
same  pump  voltage  swing  across  the  Junction  capacitance. 


Section  2.2  Modified  Impedance  Matrix 

Although  the  equivalent  impedance  description  of  a  voltage 
variable  capacitor,  as  first  presented  in  Section  1,2,  will  not  be 
used  in  the  analysis  of  the  parametric  upconverter,  the  modified  impedance 
matrix  is  derived  for  the  sake  of  con^leteness. 
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Since  the  series  arrangement  of  parasitic  elements  in  Fig*  1-6 
already  suggests  an  impedance  description,  the  derivation  becomes  almost 
trivial.  Starting  with  the  model  of  the  diode  as  shown  in 

Fig.  1"U  and  its  impedance  matrix.  Fig.  1-6  gives 


’1 

■ 

V  ■ 

2 

From  these 


\-Vi  ■ 


z  I  4-  z  I 
11  1^  12  2 


-r  -p* 

''a  -  Vz  ■  '22^2 


(z  4-  Z, )  4-  z 
11^  1  ^  12  2 


z_I  4-  (z  -f-Z  )I 
*■>  22^  2  2 


21  1 


Substitutions  from  Bqs.  (l"2li)  and  (2-3}  finally  lead  to 

txC 

>} 


IW* 


-J 


^  z 


u/i 


-^R  -  J( 


tViL  - 


Ui,  Ct  '<'• 


Section  2.3  Resonance  Factor 


(2-22) 


The  most  important  modification  of  the  original  admittance  matrix 
(1-23)  is  the  appearance  of  D  which  will  henceforth  be  referred  to  as 
the  resonance  factor.  In  the  following  sections  its  effect  on  the  per¬ 
formance  of  the  parametric  upconverter  will  be  discussed  in  detail. 

Here  we  shall  make  a  study  of  the  quantitative  behavior  of  the  resonance 
factor  as  a  function  of  the  frequencies  involved. 

To  repeat 

D  -  /  -  (a)  (Zl  -  +  Qi  C®*’ 

In  general  D  will  be  a  complex  number,  involving  both  the  series 
resonant  frequency  tVoand  the  cutoff  frequency  V/hile  the  complex 

D  could  be  analyzed,  rather  complicated  and  uninformative  expressions 
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would  result.  Fortunately  the  state  of  the  art  of  making  variable 
capacitance  diodes  has  been  brought  to  a  stage  where  diodes  with  very 
high  cutoff  frequencies  (^100  kmc)  are  becoming  available*  Since^  on 
^the  other  hand,  the  operating  frequencies  Ui/\  and  U/<),ai*e  in  low  miorewave 
regions,  the  quantities 


can  be  neglected,  and  thus  the  resonance  factor  becomes  a  real  numbex^# 

The  series  resonant  frequency  U^o  is,  however,  very  much  lower  than  U4#«- 
For  present  day  diodes  DJo  rarely  reaches  10  kmc.  Most  commercially  ' 
available  units  exhibit  series  resonance  at  frequencies  as  low  as  2500  mo« 
These  frequencies  lie  well  within  the  operating  range. 

Subject  to  the  assumption  of  very  high  Uu^  the  resonance  factor  la 
given  by  ^ 

D  =  I  -  Si?"  1-  Sa-  (2-23) 
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APPENDIX  II 

DERIVATION  OF  GENERAL  PARAMETRIC  UPGONVERTER 

The  pimped  varactor  diode  can  be  represented  by  the  following  admit¬ 
tance  matrix  (also  see  First  Quarterly  Progress  Report,  Signal  Goirps 
Contract  DA-36-039-sc-85058,  DA  Project  No.  3A99-21-001-01  pp  U-5,  35-U9). 


“  signal  (input)  frequency 
(4)2  ■  idler  (output)  frequency 
0)q  *  series  resonant  frequency  of  the  diode. 

The  cutoff  frequency  of  the  diode  is  assumed  such  that 


1 
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The  complete  circuit  of  the  upconverter  can  now  be  drawn  as  follows t 


Figure  2-1  Basic  Structure  of  the  l^onvertor 


The  self-susceptances  ^nd  Y22  will  now  be  combined  with  the 
respective  networks.  Furthermore,  applying  Norton's  Theorem  to  the  input 
side,  we  finally  obtain  the  circuit  below 


Figure  2-2  Upconverter  Circuit  After  Reductl(»i 
Power  across  Gj^  is  given  by 

Vt  2  2 

^  \  (Yl)  (2-3) 

''1 


1 
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Mazimni  aTallabla  power  from  the  inpat  generator  is 

2 


\u\  -Jill 


k  Re  (Tg) 


Henoe  the  orer-all  transducer  gain  Is 


2  T  +  T  2 


H  R.  (Tg) 


(2-Jl) 


U  Re  (Yg)  Re  (Yi.) 


^g  ♦  Ytm 


(2-5) 


The  IndlrLdual  terns  can  be  easily  obtained  by  applying  the  equations 
for  voltage  gain  and 'liqnit  adalttaaee  of  conventional  four-terminal  net¬ 
works*  Thus 


(2-6) 


2 

■1 

Y21 

2 

^21 

^1 

^22  * 

where  It  will  be  remembered  that  ^22  lumped  with  the  respective 

networks*  Hence  shown  in  Figure  the  diagonal  terns  of  the  matrix  (2-3L) 
are  sero* 

Ih  a  similar  manner 


^g*Tln 

2 

»  ^12  % 

2 

m 

•L 

1 

i 

^12  % 


(2-7) 


The  reason  for  the  conplex  conjugate  of  Y^  follows  from  the  initial 

Jj 

derivation  of  the  admittance  matrix  of  the  diode*  It  will  be  remenbered  that 
the  pump  coupled  the  signal  voltage  at  f^^  to  the  conjiigate  of  the  idler 
voltage  at  f2«  As  a  result^  all  adalttances  in  the  Idlar  circuit,  as  far  as 
the  analysis  is  ccmcemed,  are  ratios  of  a  conjugate  current  I2  to  a  conjugate 


Toltage  ^2>  and  nust  therefore  be  entered  in  equations  as  such*  As  m  iUus- 
tration,  tbe  diode  self-susceptanee  I22  is  phTsieallor  a  caps  cit  ire  suscetp- 
tanoe  belcw  the  series  resonanee*  In  the  natrix  (2-1)  hovsTer^  it  appears 
with  a  minus  sign* 


CombiniJig  Bqoations  (2-6),  (2-7),  and  (2-5)  yields 


h 

^21 

2  Re  (Tg)  Re 

(^l) 

h  ^L*  -  ^12  ^21 

2 

(2-8) 


If  Ti2  ^21  ^  Equation  (2-8)  are  replaced  by  their  sqaiTaleKts  from 
the  matrix  (2-1),  one  obtains  the  traitodaoer  gain  equation  for  a  parametric 
upconrerter* 


G 


T 


/  A  n  \ 


2 


2 


(2-9) 
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APPENDIX  III 

GAIN  DERIVATION  OF  A  CIRCUL/iTOR  COUPLED  PARAMETRIC  AMPLIFIER 


(Reflection  Type) 

The  scattering  matrix  of  the  three  port  circulator  shown  in  Figure  3-1 


S 


0  0  1 
10  0 
0  10 


(3-1) 


Figure  3-1  Three  Port  Circulator 
From  this  the  normalized  Y-natrix  becomes 


0 


1 


Unnormalizing  the  Ynnatrix 


1  -1 

0  1 

-1  0 


(3-2) 


(3-3) 


89 


Now  let  poirb  2  of  the  olrevlAtor  be  teixlnated  bT*  a  pennq>  with  an 
tnpat  adnlttanee  ^in- 

Than 


2  2  in 


Pron  Equatlcms  (3-3)  and  (3-U) 


or 


and 


-^2^i«  -  ♦  ^3®o 


TT  -  V  V 

*  ‘  ’Z 


or 


On 


‘•in 


+  Q- 


Sinllarlor 


I3  -(^0 


1  - 


G. 


■•In 


* 


Tin 


(3-U) 


(3-5) 

(3-6) 


(3-7) 


(3-8) 


Thna  the  !• 


itrix  for  a  circulator  paraiq>  cotbinatlon  beconea 


90  - 


Since  the  numbering  scheme  of  the  ports  is  immaterial  we  change  for 
convenience  to  the  1-2  notation.  The  circuit  could  then  be  drawn  as  in¬ 
dicated  below 


Figure  3-2  Circulator  Paramp  Fjquivalent  Circuit 


From  Fif'ure  3-2 


since  can  be  written  as 


(3-10) 


-  91  - 


and 


2 

Vn 

G  *♦*  G  j  ^ 

*  • 

1 

0  in 

1 

.'Go 

• 

From  network  theory  and  Equation  (3-9) 


\ 

2 

m 

^21 

2 

s; 

1  -  Go 

■"in 

’'22  *  \ 

1  Go_ 

1 

Yin 

(3-11) 


V/ith  no  additional  networks  in  the  input  or  output  the  paramp  can  be  repre¬ 
sented  as 


Figure  3-3  Equivalent  Circuit  of  Parametric  Amplifier 


where  and  G2  are  the  circuit  losses  present# 
is  obtained  from  Figure  3-3  and  becomes 

/"  AG  \  ^ 

6^1  W2  V  2  / 


"in 


(Gi+Yi^)  - 


[p2  ^22” 


92 


The  adult tanee  texns  and  X22  iu*ed  Just  aboTB  end  In  Figare  3-3 

refer  to  the  parametric  diode  admittance  matrix* 

From  Equation  (3**11) 


and 


*  V  P.  ^  * 

r-¥-^ 

2 

L 

v-1  -11  -0/ 

®  1 

[J2  -  T23 

.  ,  ^CJ2 

fn.  +  r.  *  n  )  ^  ^  ^  ^ 

*11  ^0'  2 

D 

["a  *  ^a3 

(3-12) 


where  G2  has  been  changed  to  I2  since  In  a  general  ease  the  Idler  may  be 

teimlnated  in  a  complex  network  Instead  of  Just  G2* 

In  general  the  negative  conckLctance  tern  In  the  circulator  gain  equation 

Is  not  large  enough  to  overcome  the  positive  conductance  of  the  device* 

Therefore  it  is  sometimes  necessary  to  place  a  transformer  in  port  2  of  the 

circulator*  The  input  admittance  of  the  parametric  amplifier  then  becomes 
2 

N  where  N  Is  the  turns  ratio  of  the  transformer*  Similarly  the  trans¬ 
ducer  gain  of  the  circulator  coupled  paranp  can  be  expressed  ass 


} 
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APPENDIX  IV 

MBASDRBfENTS  HADE  ON  VARIOUS  TTPBS  OP  VARACTORS 


Diode  # 
VE  1 

Line  Z 
17 

Frequency  (MC) 
Volts  (DC) 

2100 

.32 

2200 

.Ul 

2300 

.37 

2U00 

.3 

2500 

.25 

2600 

.2 

2700 

.17 

2800 

.13 

2900 

.15 

WE  2 

17 

Frequenqy 

Volts 

2100 

.35 

2200 

ok2 

2300 

.35 

2li00 

.27 

2500 

.23 

2600 

.23 

2700 

.15 

2800 

.15 

2900 

.15 

WE  3 

17 

Frequency 

Volts 

2100 

.33 

2200 

.38 

2300 

.U5 

2U00 

.32 

2500 

.31 

2600 

.25 

2700 

.23 

2800 

.2 

2900 

.2 

WE  U 

17 

Frequency 

Volts 

2100 

.35 

2200 

,U5 

2300 

.U6 

2l;00 

,37 

2500 

.38 

2600 

.35 

2700 

.25 

2800 

.22 

2900 

.2 

203  - 

17 

Frequency 

Volts 

1800 

0 

1900 

.1 

2000 

,22 

2100 

.1 

2200 

.075 

2300 

.U5 

2U00 

,18 

2500 

.06 

2600 

.19 

20U 

17 

Frequency 

Volts 

1800 

.03 

1900 

.06 

2000 

.075 

2100 

.125 

2200 

.1 

2300 

.07 

2U00 

.025 

2500 

0 

2600 

.02 

202 

17 

Frequency 

Volts 

1800 

.03 

1900 

.05 

2000 

.05 

2100 

.05 

2200 

,09 

2300 

.075 

2UOO 

.025 

2500 

.01 

2600 

.01 

20$ 

17 

Frequency 

Volts 

1800 

.03 

1900 

.03 

2000 

.06 

2100 

.19 

2200 

.oU 

2300 

.1 

2U00 

0 

2500 

.01 

2600 

.02 

206 

17 

Frequency 

Volts 

1800 

,01 

1900 

.03 

2000 

,05 

2100 

,22 

2200 

.07 

2300 

.15 

2U00 

,1 

2500 

.03 

2600 

.05 

207 

17 

Frequency 

Volts 

1800 

,02 

1900 

.03 

20C0 

.09 

2100 

.05 

2200 

.03 

2300 

.13 

2U00 

.oU 

2500 

.oU 

2600 

.06 

208 

17 

Frequency 

Volts 

1800 

.02 

1900 

.ol» 

2000 

,ot5 

2100 

.12 

2200 

.125 

2300 

.13 

2li00 

.15 

2500 

.lU 

2600 

.07 

9A 

17 

Frequency 

Volts 

1800 

.075 

1900 

.1 

2000 

.175 

210C 

,18 

22C'0 

.195 

2300 

.17 

2U00 

.12 

2500 

.075 

2600 

.08 

IQA 

17 

Frequency 

Volts 

2200 

.05 

2300 

.075 

2U00 

.05 

2500 

..075 

2600 

.12 

2700 

.25 

2800 

.27 

2900 

.05 

3000 

.11 

UA 

17 

Frequency 

Volts 

2700 

.07 

2800 

.23 

2900 

.3 

3000 
.21  _ 

3100 

•2 

3200 

.33 

3300 

.36 

3U00 

.12 

3500 

.3 

2 

17 

Frequency 

Volts 

2100 

0 

2200 

•01 

2300 

.02 

2k00 

.025 

2500 

.02 

2600 

.oU 

2700 

.075 

2800 

.lU 

2900 

.2 

9$ 


Diode  #  Line  Z  Frequency  (MG)  2100  2200 


3 

17 

Volts  (DC) 

.01 

.025 

5 

17 

Frequency 

Volts 

2100 

.lU 

2200 

.25 

7 

17 

Frequency 

Volts 

2100 

.12 

2200 

.25 

9 

17 

Frequency 

Volts 

2100 

.16 

2200 

.2k 

11 

17 

Frequency 

Volts 

2100 

oOU 

2200 

.08 

12 

17 

Frequency 

Volts 

2100 

.08 

2200 

0 

13 

17 

Frequency 

Volts 

2100 

.05 

2200 

.13 

lU 

17 

Frequency 

Volts 

2100 

0 

2200 

0 

15 

17 

Frequenqr 

Volts 

2100 

o25 

2200 

.275 

16 

17 

Frequency 

Volts 

2100 

.15 

2200 

.1 

18 

17 

Frequency 

Volts 

2100 

.1 

2200 

.lU 

20 

17 

Frequency 

Volts 

2100 

.05 

2200 

.09 

21 

17 

Frequency 

Volts 

2100 

.09 

2200 

.15 

22 

17 

Frequency 

Volts 

2100 

.2 

2200 

.26 

23 

17 

Frequency 

Volts 

2100 

.03 

2200 

.0U2 

27 

17 

Frequency 

Volts 

2100 

.05 

2200 

.05 

2300 

2lt00 

2500 

2600 

2700 

2800 

2900 

.06 

.09 

.07 

.075’ 

.095 

.075 

.05 

2300 

2li00 

2500 

2600 

2700 

2800 

2900 

.3U 

.25 

.16 

.22 

.n 

.05 

.06 

2300 

2k00 

2500 

2600 

2700 

2800 

2900 

.33 

.23 

.18 

.1 

.05 

.07 

.07 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.22 

.125 

.07 

.1 

.025 

.02 

.01 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.16 

.125 

.075 

.12 

.1 

.05 

.025 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

0 

0 

0 

0 

0 

0 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.05 

0 

0 

0 

0 

0 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

0 

.01 

.025 

,075 

.175 

CM 

O 

o 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.2 

.13 

.1 

.05 

.05 

,06 

.06 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.06 

.02 

.02 

.02 

0 

0 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.025 

.02 

0 

0 

0 

0 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.05 

.03 

.02 

.02 

.02 

0 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.25 

.15 

.125 

.125 

.12 

.075 

.025 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.2 

.12 

.09 

.09 

.075 

.05 

.01* 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.032 

.025 

.02 

.02 

.01 

0 

0 

2300 

21*00 

2500 

2600 

2700 

2800 

2900 

.05 

.01*5 

.0U5 

.0U5 

O 

o 

.035 

.03 

96 


Diode  # 
31 

Line  Z 
17 

Frequency  (MC) 
Volts  (DC) 

2100 

.03 

2200 

.015 

2300 

0 

o 

CVJ 

2500 

0 

2600 

0 

2700 

0 

2800 

0 

2900 

0 

32 

17 

Frequency 

Volts 

2100 

.175 

2200 

.05 

2300 

.025 

2U00 

0 

2500 

0 

2600 

0 

2700 

0 

2800 

0 

2900 

0 

30 

NO  RESPONSE 

209 

17 

Frequency 

Volts 

1800 

.05 

1900 

.15 

2000 

.17 

2100 

.lit 

2200 

.175 

2300 

.19 

2U00 

.Ih 

2500 

,03 

2600 

.025 

210 

17 

Frequenqr 

Volts 

1800 

.025 

1900 

.07 

2000 

.1 

2100 

.1 

2200 

.12 

2300 

,15 

2ii00 

.17 

2500 

.07 

2600 

.025 

211 

17 

Frequency 

Volts 

1800 

.1 

1900 

.125 

2000 

.13 

2100 

.11 

2200 

.125 

2300 

,1 

2U00 

.07 

2500 

.03 

2600 

.025 

212 

17 

Frequency 

Volts 

1800 

.03 

1900 

.05 

2000 

.07 

2  100 

.1 

2200 

.12 

2300 

.175 

2U00 

.185 

2500 

.07 

2600 

.01 

213 

17 

Frequency 

Volts 

1800 

.07 

1900 

.1 

2000 

.075 

2100 

.075 

2200 

,11 

2300 

.12 

2U00 

.07 

2500 

.01 

2600 

.02 

2lU 

17 

Frequency 

Volts 

1800 

.01 

1900 

.025 

2000 

.oU 

2100 

.05 

2200 

.075 

2300 

.125 

2U00 

.15 

2500 

.09 

2600 

.025 

215 

17 

Frequency 

Volts 

2300 

.2 

2U00 

.35 

2500 

.36 

2600 

.2 

2700 

.15 

2800 

.2 

2900 

.22 

3000 

.12 

3100 

.17 

216 

17 

Frequency 

Volts 

1800 

.07 

1900 

.1 

2000 

.22 

2100 

.27 

2200 

,22 

2300 

.18 

2U00 

.13 

2500 

.07 

2600 

.02 

217 

17 

Frequency 

Volts 

1800 

.11 

1900 

.12 

2000 

.07 

2100 

.08 

2200 

.25 

2300 

.32 

2U00 

.17 

2500 

.07 

2600 

.1 

218 

17 

Frequency 

Volts 

2100 

.25 

2200 

.27 

2300 

.lU 

2U00 

.1 

2500 

.1 

2600 

.1 

2700 

.12 

2800 

.07 

2900 

,07 

219 

17 

Frequency 

Volts 

1800 

.2 

1900 

.3 

2000 

.3 

2100 

.3 

2200 

.25 

2300 

.OU 

2U00 

,02 

2500 

.02 

2600 

.02 

220 

17 

Frequency 

Volts 

2000 

.25 

2100 

.22 

2200 

.2 

2300 

.3 

2U00 

•h 

2500 

.23 

2600 

.12 

2700 

.1 

2800 

.111 

/A  9A 

7 

Frequency 

Volts 

1800 

.13 

1900 

.2 

2000 

.2U 

2100 

.27 

2200 

.3 

2300 

.2 

2U00 

.07 

2500 

.01 

2600 

0 

97 


Diode  # 

Line  Z 

Frequency  (MG) 

2300 

2li00 

2500 

2600 

2700 

2800 

2900 

3000 

/A  lOA 

7 

Volts  (DC) 

.07 

.Ik 

.25 

.2 

.It 

.U2 

.2 

.1 

/A  llA 

7 

Frequency 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3lt00 

Volts 

.1 

.15 

.22 

.U 

.52 

.5 

.53 

.05 

2 

7 

Frequency 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

Volts 

0 

0 

0 

0 

0 

0 

.01 

.015 

.03 

3 

7 

Frequency 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

Volts 

0 

.02 

.025 

.07 

.1 

.1 

.1 

.075 

.025 

5 

7 

Frequency 

2000 

2100 

2200 

2300 

2lj00 

2500 

2600 

2700 

2800 

Volts 

0 

0 

0 

.03 

.07 

.1 

.15 

.17 

.1 

7 

7 

Frequency 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

Volts 

.10 

.15 

.20 

.27 

.ItO 

.It© 

.25 

.05 

0 

9 

7 

Frequency 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

Volts 

.15 

.2 

.U 

.15 

.05 

0 

0 

0 

0 

11 

7 

Frequency 

2100 

2200 

2300 

2U00 

2500 

2600 

2700 

2800 

2900 

Volts 

.05 

.1 

.19 

.27 

.2 

.12 

.06 

0 

0 

13 

7 

Frequency 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

2900 

Volts 

.075 

olU 

.03 

0 

0 

0 

0 

0 

0 

12 

7 

Frequency 

1900 

2000 

2100 

2200 

Volts 

.02 

.01 

0 

0 

lU 

7 

Frequency 

2100 

2200 

2300 

2U00 

2500 

2600 

2700 

2800 

2900 

Volts 

0 

0 

0 

.02 

.05 

.075 

.175 

.3 

.1 

15 

7 

Frequenqy 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

2900 

Volts 

.3 

.It 

.12 

.05 

.02 

0 

0 

0 

0 

16 

7 

Frequency 

1900 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

Volts 

.1 

.15 

.lit 

.1 

.05 

.Olt 

.02 

0 

0 

18 

7 

Frequency 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

Volts 

.17 

.lU 

.1 

.025 

0 

0 

0 

0 

0 

20 

7 

Frequency 

2000 

2100 

2200 

2300 

2lt00 

2500 

2600 

2700 

2800 

Volts 

.05 

.07 

.09 

.08 

.06 

.olt 

.03 

.025 

.02 

21 

7 

Frequency 

2000 

2100 

2200 

2300 

2U00 

2500 

2600 

2700 

2800 

Volts 

.1 

.1 

.15 

.2 

.26 

H 

o 

.22 

.22 

.15 

98 


Diode  #  Line  Z  Frequency  (MG)  2000  2100 


22 

7 

Volts  (DC) 

.15 

.2 

26 

7 

Frequency 

Volts 

2000 

.05 

2100 

.07 

27 

7 

Frequency 

Volts 

2000 

.005 

2100 

.ooU 

30 

NO  RESPONSE 

31 

7 

Frequency 

Volts 

2000 

.02 

2100 

.015 

32 

7 

Frequency 

Volts 

1800 

.2 

1900 

.2U 

VE  1 

7 

Frequency 

Volts 

1800 

.31 

1900 

.31 

VE  2 

7 

Frequency 

Volts 

1800 

.32 

1900 

.33 

WE  3 

7 

Frequency 

Volts 

2000 

.33 

2100 

.37 

WE  U 

7 

Frequency 

Volts 

2000 

.35 

2100 

.U 

/a  202 

7 

Frequency 

Volts 

1800 

.15 

1900 

.25 

/A  203 

7 

Frequency 

Volts 

1800 

o08 

1900 

.08 

/A  20U 

7 

Frequency 

Volts 

1800 

.07 

1900 

.1 

/A  205 

7 

Frequency 

Volts 

1800 

.16 

1900 

.2U 

/A  206 

7 

Frequency 

Volts 

1800 

.2U 

1900 

.3 

/A  207 

7 

Frequency 

Volts 

1800 

.06 

1900 

.05 

2200 

.25 

2300 

.33 

2U00 

.2 

2500 

.13 

2600 

.1 

2700 

.07 

2800 

.05 

2200 

.082 

2300 

.07 

2li00 

.06 

2500 

.03 

2600 

.025 

2700 

.02 

2800 

.01 

2200 

.003 

2300 

.005 

2U00 

.002 

2500 

.002 

2600 

.001 

2700 

.002 

2800 

.001 

2200 

.01 

2300 

0 

2000 

.15 

2100 

.09 

2200 

0 

2300 

0 

2000 

.3U 

2100 

.37 

2200 

.U 

2300 

.35 

2ti00 

.25 

2500 

.2 

2600 

.2 

2000 

.37 

2100 

.38 

2200 

.3 

2300 

.2 

2U00 

.13 

2500 

.12 

2600 

.1 

2200 

.U 

2300 

.3 

2U00 

.25 

2500 

.17 

2600 

.17 

2700 

.15 

2800 

.1 

2200 

.U5 

2300 

.35 

2ti00 

.25 

2500 

.2 

2600 

.2 

2700 

.15 

2800 

.07 

2000 

.37 

2100 

.35 

2200 

.U2 

2300 

.2 

2U00 

.07 

2500 

.01 

2600 

0 

2000 

.2 

2100 

.22 

2200 

.18 

2300 

.35 

2U00 

.5 

2500 

.32 

2600 

.1 

2000 

.2U 

2100 

.23 

2200 

.17 

2300 

.3U 

2UOO 

.u 

2500 

.2 

2600 

.05 

2000 

.35 

2100 

.25 

2200 

.3 

2300 

.2 

2U00 

.03 

2500 

0 

2600 

0 

2000 

.U5 

2100 

.35 

2200 

.37 

2300 

.15 

2U0C 

.05 

2500 

.02 

2600 

0 

2000 

.lU 

2100 

.12 

2200 

.08 

2300 

.1 

2U00 

.19 

2500 

.21 

2600 

.2 

99 


Diode  # 

A  208 

Line  Z 

7 

Frequency  (MC) 
Volts  (DC) 

1800 

.1 

1900 

.12 

2000 

.26 

2100 

.22 

2200 

.26 

2300 

.38 

2U00 

.31 

2500 

.2 

2600 

.1 

A  209 

7 

Frequency 

Volts 

1800 

.15 

1900 

.2 

2000 

.3U 

2100 

,27 

2200 

.37 

2300 

.U5 

2li00 

.3 

2500 

.15 

2600 

.05 

A  210 

7 

Frequency 

Volts 

1800 

.1 

1900 

,1 

2000 

,25 

2100 

,27 

2200 

,23 

2300 

,3 

2U00 

,35 

2500 

,23 

2600 

,15 

A  211 

7 

Frequency 

Volts 

1800 

.1 

1900 

,15 

2000 

.3 

2100 

,2 

2200 

,25 

2300 

,15 

2U00 

.07 

2500 

.03 

2600 

,01 

A  212 

7 

Frequency 

Volts 

1800 

,07 

1900 

,08 

2000 

,2 

2100 

,25 

2200 

,2 

2300 

,28 

2U00 

.32 

2500 

,3 

2600 

.2 

A  213 

7 

Frequency 

Volts 

1800 

..3 

1900 

,U 

2000 

,35 

2100 

,22 

2200 

,22 

2300 

.1 

2U00 

,01 

2500 

0 

2600 

0 

A  2lU 

7 

Frequency 

Volts 

1800 

.06 

1900 

,06 

2000 

,2 

2100 

,17 

2200 

.15 

2300 

,25 

2li00 

,27 

2500 

,2 

2600 

,15 

A  215 

7 

Frequency 

Volts 

2000 

,16 

2100 

,25 

2200 

o26 

2300 

,5 

2ii00 

.63 

2500 

,65 

2600 

,55 

2700 

,3 

2800 

,2 

A  216 

7 

Frequency 

Volts 

1800 

,17 

1900 

o2h 

2000 

,35 

2100 

,28 

2200 

,33 

2300 

,15 

2U00 

,05 

2500 

0 

2600 

0 

A  217 

7 

Frequency 

Volts 

1800 

0 

1900 

,1 

2000 

,3 

2100 

,35 

2200 

.37 

2300 

,U5 

2lt00 

,3 

2500 

.08 

2600 

,05 

A  218 

7 

Frequency 

Volts 

1800 

0 

’900 

0 

2000 

.05 

210C 

,1 

2200 

,1 

2300 

,15 

2U00 

,2 

2500 

,35 

2600 

.25 

A  219 

7 

Freqtaency 

Volts 

1800 

,18 

1900 

.25 

2000 

,U 

2100 

.32 

2200 

,2 

2300 

,05 

2U00 

,01 

2500 

0 

2600 

0 

A  220 

7 

Frequency 

Volts 

1800 

0 

1900 

,1 

2000 

,23 

2100 

.27 

2200 

.3 

2300 

,U7 

2li00 

ok 

2500 

.25 

2600 

,1 

A  9A 

Ku  Band 
Mount 

7 

Frequency 

Volts 

2100 

0 

2200 

,2 

2300 

,U5 

2U00 

.2 

2500 

,15 

2600 

.15 

2700 

.05 

2800 

,02 

2900 

0 

A  llA 

Ku  Band 

7 

Frequency 

Volts 

2800 

.2 

2900 

.U 

3000 

.6 

3100 

,63 

3200 

.7 

3300 

.5 

3U00 

.3 

3500 

.23 

3600 

,2 

Mount 


100 


} 


Diode  # 

Line  Z  Frequenej  (MC) 

2100 

2200 

2300 

2li00 

2500 

2600 

2700 

2800 

A  9A 
Ku  Band 
Mount 

20  Volts  (DC) 

0 

.01 

.05 

.18 

.13 

CSJ 

o 

.1 

.05 

A  202 

17  Frequenc7 

2100 

2200 

2300 

2li00 

2500 

2600 

2700 

2800 

Ku  Band 
Mount 

Volts 

0 

0 

.01 

.02 

.03 

.02 

.01 

0 

APPENDIX  V 

PERFORMANCE  DATA  ON  FERRITE  CIRCULATWS 

Manufacturers  Data  (Me labs) 

Melabs  Model  X«3U3.  Serial  #1 


Frequency  VSWR 

(Kmc) 


Insertion  Loss 

Arms  1=2  (db) 

Isolation 

Arms  1-3  (db) 

.20 

23.0 

,1C 

28,0 

,05 

28.0 

,10 

30.0 

i  ,20  1 

21,5 

Melabs  Model  X-3iiU«  Serial 


Frequency 


Insertion  Loss 
Arms  1-2  (db) 


Isolation 
Arms  1«3  (db) 


\  '  loll; 


Measured  Data 

Meiabs  Model  X«3U3c  Serial 


Frequency  (Kmc) 


Isolation  Arms  1-3  (db) 


‘?r 


22,7 


3,8 

UgO 


1,21 


.X, 


29.5 
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